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ABSTRACT
FABRICATION OF 3D HYDROGEL-BASED MICROSCALE TISSUE ANALOG
CHIP WITH INTEGRATED OPTOFLUIDICS
by
Venkatakrishnan Rengarajan
Lab-on-a-chip (LOC) is a device that integrates one or more laboratory functions in a
single chip with dimensions ranging from a micrometer to a few millimeters. On-chip
optofluidics, which combines microfluidics and tunable micro-optical components, is
crucial for bio-sensing applications. However, recently reported optofluidic devices have
only two-dimensional (2D) dielectric or metallic regions for sensing cellular activity,
which fail to mimic the three-dimensional (3D) in vivo microenvironment of cells.
In this research, a 3D hydrogel-based micro-scale-tissue-analog-chip (µTAC) is
fabricated with an integrated optofluidic design for biomedical applications. These 3D
hydrogels act as a scaffold for the cellular studies and as a waveguide for increasing the
signal efficiency in sensing applications. These 3D waveguides, embedded in a
Poly(dimethylsiloxane)

elastomer-based

optofluidic

channel,

are

composed

of

Poly(ethylene glycol)-diacrylates (PEGDA). The refractive index of the PEGDA
waveguides is higher compared to the water-based cladding that surrounds the
waveguide. Because of this refractive index difference, waveguides confine the light
waves

due

to

the

total-internal-reflection

phenomenon

(TIR).

Initially,

the

characterizations and the sensing efficiency of the µTAC device are successfully
demonstrated with a fluorescein detection study. This study demonstrates that the
proposed device is in accordance with Beer-Lambert’s law with a limit of detection of
2.54 µM of fluorescein. Further, the sensing efficiency of the µTAC devices is tested in

cellular studies by encapsulating cells inside the waveguides. Cellular studies with µTAC
devices prove that the device is capable of efficiently sensing the cell density and the cell
viability changes inside the waveguides with a limit of detection of ~27 cells/waveguide.
In addition, this study also proves that the proposed µTAC device has a potential for
long-term cell monitoring applications without compromising cell-viability. Therefore,
with integrated 3D hydrogel waveguides, this µTAC-optofluidic device could be a
potential platform with a broad range of applications in the fields of diagnosis and
detection.
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CHAPTER 1
INTRODUCTION

This chapter is an overview of microfluidics and its impact on detection applications.
First, the microfluidic technology is discussed briefly, followed by a discussion of the
integration

of

optical

readouts

to

microfluidics

(called

optofluidics

=

Optics+microfluidics). Further, components of optofluidic devices such as light
source/detectors and optical fibers are discussed briefly, along with their applications in
the sensing field. The motivation and innovations for this project are discussed at the end
of this chapter.

1.1 Background
Rapid detection and diagnosis have become an increasing need in the biological, medical
and chemical fields. Many diagnostic/detection tools have been developed with either a
complex design, such as MRI (magnetic resonance imaging), or a simple design like a
paper-based detection system1,2(Figure 1.1). The latter is developed mostly for nonlaboratory detection purposes. Such simple, hand-held devices, developed for the
detection/diagnosis, are called lab-on-a-chip (LOC) design.
In general, the aim of the lab-on-a-chip (LOC) system is to integrate one or more
laboratory functions inside a single chip. These single chip dimensions are in a range of a
micrometer to a few millimeters in size. LOCs are part of MEMS (micro-electromechanical systems) and are often referred to as a micro-total analysis system (µTAS).
In recent years, many researchers have employed various technologies to develop precise

1

and highly sensitive lab-on-a-chip devices2-4. Among those various existing technologies,
microfluidic technology, in combination with biosensor detection elements, is used
extensively to sense a wide range of analytes as well as to improve the overall
performance of the sensing devices5-7.

1.2 Microfluidics
Microfluidics is a combination of science and technology that manipulates a small
volume of fluids (10-9 to 10-18 liters) through designed micro-channels, with dimensions
ranging from tens to hundreds of micrometers. Handling liquids with the microfluidic
platforms greatly reduces the volume of analytes needed for detections.
Due to the size of these micro-channels, analysis is possible with even small
analyte concentrations that range from a single drop of blood to a single cell8,9.
Additionally, a high surface to volume ratio in the micro-channels leads to higher analyte
interactions with the bio-recognition elements and increases the transport of analytes
from the flow area to the bio-recognition site10,11. These higher analyte interactions with
improved flow help to achieve greater yields in the analysis time. Furthermore, the
microfluidic devices have many advantages such as simple design, ease of fabrication,
low cost and reproducibility12.

Figure 1.1 Paper based electrochemical biosensor array for multiplexed detections of
metabolic biomarkers.
[Source:13] .

2

Although the existence of microfluidic technology dates back 100 years, its prime
resurgence in the field of diagnosis and medicine occurred only in the past few decades
due to advancements in the field of microfabrication. Microfabrication techniques has
enabled the construction of two-dimensional4,10,11 and three-dimensional microfluidic
channels14-16 for diagnostic purposes. Further, the integration of many on-chip aspects,
such as flow valve, pumps and sensing elements, etc., has benefitted from the
microfabrication techniques17-20.

Figure 1.2 A fully integrated microfluidic device with a centrifugal microfluidic disk for
the detection of cardiovascular disease biomarker, C-reactive protein (CRP).
[Source:21] .
Micro-chips are often fabricated from SU-8 epoxy and (poly)dimethylsiloxane
(PDMS)4,12. PDMS, a silicon-based organic polymer, is widely used as a passive material
for micro-chip fabrications because of its ease of handling, simple soft-lithographic

3

technique, precise micro-scale details, optical transparency, ease of surface
modifications, biocompatibility, and most important, elasticity22. Ease of LOC fabrication
with PDMS has paved the way for their integration into biosensors5. On the other hand,
step-by-step integrations of microfluidics with the biosensors, to develop an actual LOC
device, require several pre-sensing tests and analyses. Thus, development of a
microfluidic-based biosensor with potential lab-on-a-chip applications often demands
complex designs21,23-25(Figure 1.2). In order to overcome all the aforementioned
complexities, researchers have developed many LOC devices with integrated optical3,4,2629

, mechanical30,31, thermal32 and electrochemical33 sensors.

1.3 Microfluidics Impact on Biosensors
Biosensors are extensively used in the analysis of biological samples in point-of-care
[POC] applications2,13,15,28,30,34. Integration of microfluidics with sensors has had a huge
impact on cellular studies. Two main advantages of microfluidics in cellular studies are
compartmentalization and the ability to provide a controlled microenvironment for cell
growth. Integrating a read-out sensor into a microfluidic device enables direct feedback
from cells and their microenvironments3,9,14,24. Additionally, in vitro monitoring of cells
with microfluidics can take place in real time and is often less invasive to cells23. Several
applications of microfluidic-based biosensors in cellular studies are regulation of
parameters such as oxygen delivery9, temperature/pH control32, cell stress monitoring31,
determination of cell metabolism35, and electrochemical sensors for chemical activity
monitoring23, and others. Recently, microfluidic chips are being used in lab-on-a-chip
(LOC) devices to mimic in vivo cell microenvironments with precise control over nutrient
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delivery and detections36,37. Moreover, researchers have used fully integrated biosensors
for long-term monitoring of cells in studies such as 3D lung cellular models38, to monitor
electrochemical activity of neurons39 and to monitor stem cell differentiations40, etc. In
diagnosis, worth mentioning applications of microfluidic biosensors are the vertical flow
diffusion filter (CDF) where a chemotherapeutic drug, doxorubicin, is detected in whole
blood samples23. In another study, PEG hydrogels and a PDMS flow channel are used to
detect the metalloproteinase (MMP9), which is an important reporter in pathological
processes25. Matharu et al. have developed a multilayer PDMS channel to control the
release of transforming growth factor-beta 1(TGF-β1)24.
The aforementioned studies of microfluidic based biosensors, as lab-on-a-chip
devices, clearly cover a wide range of applications. Such lab-on-a-chip devices eliminate
the need for actual laboratory testing and reduce time/labor many fold.
Biosensors employ a variety of sensing elements to improve detection processes.
Among these detection choices, optical systems are often employed for their ease of
integration with microfluidic platforms4,6,41-43.
Light plays an essential role in almost all the detection systems because most of
the common/basic detections depends on photons (CCD camera, microscopes, photodiodes and even smart-phone analysis). In addition, light can be used non-invasively for
both labeled and label-free detection of cells and their biological responses. Many lightsensitive molecules such as fluorescent labels or bioluminescent proteins have been
developed in the past years as an optical interface inside cells.
Many researchers have integrated optical sensing systems with microfluidics to
develop simple and reproducible sensing systems3,4,44. Such integration of an optical
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system with microfluidics, commonly called optofluidics, has several advantages over
other detection methods because of its endurance to temperature/pH changes, easy
integration and reusability6.

1.4 Optofluidics
Optofluidics refers to the synergistic combination of optics and microfluidics, which is
extensively adapted in sensing applications41,45. Optical detection, in a laboratory
environment, has been in practice for a long time through microscopes with well-aligned
lenses and filters. Miniaturizing this complex optical setup with an optofluidic device
demands low-cost, portability, reliability, low limit of detection (LOD) and high
sensitivity4. The optofluidics part, in this dissertation, is discussed in the following topics:
i)

Optofluidic designs

ii)

Optical fibers in optofluidics

iii)

Light sources used in optofluidics

iv)

Light detectors used in optofluidics

v)

Applications of optofluidics

1.4.1 Optofluidic Designs
Optical devices are made mostly of plastic and glass materials. These rigid solid materials
are less pliable to geometric modifications or refractive index modifications. However,
integration of optics with microfluidics has paved the way for geometric as well as
refractive indices (explained later in this chapter) modifications46,47. Geometric
modifications consist of incorporating filters and lenses inside the microfluidic devices
during fabrication processes4 while the refractive index modifications are achieved
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through liquid-manipulation inside the microfluidic device48 or by introducing
waveguides49. These micro-scale liquid manipulations result in introducing higher
refractive index differences, which in turn leads to a higher optical sensing efficiency48.
Thus, in conjunction with these smaller scale manipulations, optofluidics results in a
device with many advantages such as low cost, null moving mechanical parts, less
weight/size and less power consumption with added potentiality/functionalities41,45.
Optofluidic devices, reported in recent literature, are aimed at improving the optical
measures through incorporating material with higher refractive index differences12. Such
optofluidic technologies are subdivided into three major categories41:
(i)

Solid-liquid hybrids where both solids and liquids contribute to the optical
property of the device;

(ii)

Only fluids contribute to the optical properties; and

(iii)

Colloidal systems in which solid particles are suspended and manipulated in a
fluid to control optical properties of the device.

Further, the most common set up of the optofluidic systems is discussed in the
subsections.
1.4.2 Optical Fibers in Optofluidics
Optical fibers have an important role in optofluidic detections because of their ability to
carry signals over a long distance with less loss. Although signals are not carried over a
long distance in on-chip applications, optical fibers are employed for sensing because
they are easy to integrate with microfluidics45.
Optical fibers have distinct applications in other fields in addition to sensing. For
example, early in the 1930s, optical fiber applications were limited to transport television
images. However, more sophisticated optical fiber designs paved the way for their use in
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communication fields. Only around the mid-1990s, did researchers adopt optical fibers
for biological sample detection. Fully integrated optics with microfluidics for on-chip
detections are found in the early 2000s.

Figure 1.3 Structure of Optical fibers. a) Cross sectional view of an optical fiber with its
cladding and coating layers. b) This Figure represents the profile of optical fiber with
refractive index value of each layer (Figure not in scale).
[Source: 45] .
In the current trend, traditional optical detection methods applied in microfluidic
biosensors are employed for multiple measurement modes such as absorbance3,4,
fluorescence50, plasmon resonance27,51, luminescence14 and colorimetric52 analysis.
1.4.3 Working of Optical Fibers
An optical fiber is a very thin piece of plastic or glass that acts as a pipe for light to pass
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through from one side to the other. Light, travelling through the optical fibers, is used to
pass information digitally or in analog. By modifying light’s amplitude, phase or
frequency, analog information can be transmitted, and by turning the light on/off, digital
information can be transmitted. This distinction on output signal-information is important
because the telecommunication world relies on digital information while on-chip sensing
applications are based on analog information. Signal attenuations are high with analog
signals and many researchers have employed various tools to decrease attenuation in onchip optical detections4,15,44,49.
Optical fiber construction begins with a tube made of glass in the core that is
encapsulated by a series of concentric circles (Figure 1.3). Each circle has a different
refractive index. The refractive index (RI) of a material is defined as the velocity of light
travelling in that material compared to the velocity of light in a vacuum.

𝑅𝐼 =

𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚
𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑢𝑚

(1.1)

When the light travels through a boundary between two isotropic mediums, with different
refractive indices, the path of light (angle of light) will vary in the intersection of those
two mediums (Figure 1.4). Snell’s law describes the relationship between refractive index
and angle of incidence. Snell’s law can be stated as53

𝑛1 ∗ sin 𝜃𝑖 = 𝑛2 ∗ sin 𝜃𝑟
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(1.2)

where 𝜃𝑖 and 𝜃𝑟 are angle of incidence and angle of refraction of light, through mediums
with refractive index of n1 and n2, respectively. When 𝜃𝑟 becomes 900, 𝜃𝑖 is called the
critical angle. Above the critical angle, i.e., when incident angle>critical angle, light
waves reflect back completely at the boundary without entering the second medium. This
phenomenon is called total internal reflection (TIR) (Figure 1.4).

Figure 1.4 Representation of the light reflection and refraction with respect to angle of
incidence. a) This figure represents when the angle of incidence is below the critical
angle. b) The angle of incidence is equal to the critical angle. c) The angle of incidence is
more than the critical angle.
[Source: https://en.wikipedia.org/wiki/Total_internal_reflection, accessed on May/10/2016]

As shown in Figure 1.3, optical fibers have concentric circles with different
refractive indices, which prevent the light escaping from the core. As a result, light that
travels in optical fibers have minimal loss during transmission.
There are other concepts in optical fiber construction such as numerical aperture
(NA) of optical fibers, light-entering cone, modal dispersion and others, to effectively
transmit light. As the concentration of this dissertation will not involve NAs or modal
dispersion analysis, they are not covered here. Interested readers are directed to
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reference45. The concepts of refractive index, TIR, and other related topics are discussed
throughout the dissertation and hence are covered earlier in the introduction.
1.4.4 Types of Fiber Configurations in Optofluidics
Integration of optical fibers into LOC devices is categorized predominantly into three
configurations: embedded fibers, proximity, and wetted fibers. These configurations have
been adopted depending on the location of the fiber in the device.
Embedded fibers are the most commonly used set-up for on-chip sensing
applications4,54. In this configuration, optical fibers are embedded in microfluidic devices
after chemically etched or after most of the cladding is removed. Provisions for inserting
input and output fibers are fabricated as a part of the detection chip. These insertion
points are in close proximity to the detection zone in order to maximize the signal
efficiency in both input and output regions. One optical fiber is connected to the light
source and another to the detection system. The advantage of the embedded fiber
configuration is that the fiber is close to the detection region and hence high sensitivity
can be achieved. Researchers have employed air lenses, reflectors and/or filters in
embedded detection methods, to increase the light collection/focus from the detection
region4.
The embedded fiber set up is extended to the proximity fiber configuration55. In
the proximity fiber configuration, fibers are not incorporated directly into the device.
Alternatively, fibers are placed in close proximity to the detection zone that is less than
one mm away. In this setup, provisions to place the optical fibers are not fabricated as a
part of the device, which makes the device fabrication simple. However, this
configuration usually suffers from higher optical loss because the fibers are always a
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short distance away from the chip. In this configuration also, collimating lenses and filter
are employed to increase the light intensity in the detection region. Other components
such as the light source, detection systems and the computers in the experimental setup
are all the same as embedded fibers.
Another configuration, adopted in optofluidic detection, is wetted fibers. In this
setup, optical fiber ends are directly placed inside the microfluidic path in the region of
the analyte flow stream56. In this case, claddings, in the tip of optical fibers, are removed
and the core is incubated with biomolecules such as proteins or antibodies. Changes in
these sensing elements (biomolecules) are correlated to the change in light intensity that
is transmitted back through the fiber. The advantages of wetted fibers are high sensitivity
and reliable results because the sensing elements are on the fibers. The disadvantages are
the complex process for both device fabrication and optical fiber treatment as well as the
fiber surface holding the minimal amount of sensing elements.
1.4.5 Types of Optical Fibers in Optofluidics
In all these optical fiber configurations, two type of optical fibers, single mode and
multimode/duplex, are used. Multimode fibers send and receive signals in both directions
whereas single mode optical fibers send and receive signals in only one direction.
Multimode fibers are usually made of fused silica with the core diameter ranging
from 50-100 µm. In embedded configurations, multimode fibers are usually used with
much reducing cladding. For example, if the core diameter is 65 µm, cladding is acid
etched until 70 µm to facilitate integration of the fibers onto LOC devices. Multimode
fibers are also employed in other configurations as well, other than embedded57.
Single mode optical fibers are most commonly used in proximity configurations
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and embedded configurations in which both fibers are either used for sending or
receiving signals3,4. Multimode and single mode fibers are further categorized into
continuous mode system (CMS) or fiber-gap mode system (FG-MS), depending on how
the optical fiber is used in the system58.
In CMFs, light enters one optical fiber and without leaving the optical fiber, it will
enter the detection region of the fiber. Thus, the core of the fiber runs continuously from
the input to output regions59 that results in lower light losses in the sensing region.
The CMS is achieved through changing the properties of the cladding
(immediately present after the core of the fiber) by means of polishing, chemical etching
or grating58. In all these processes, the aim is to introduce a varying refractive index
along the path of the fiber. In this setup, the core runs along the complete detection
system where the cladding is polished or etched in one place. The change in the cladding
at one particular point on the fiber will change the refractive index properties of the fiber.
This etched or polished surface separates the single fiber into two separate regions to
send and receive signals. However, preparations of the optical fibers for CMS
configuration require a complex setup that makes the complete process difficult.
FG-MS configurations are also used widely in optical detection because of its
robust design and easy integration with LOC devices3,4. Fiber-Gap systems are embedded
or the proximity sensor configurations where there is a gap between light emitting and
receiving fibers. Usually this gap, between the fibers, is the detection zone of the
optofluidic device. FG systems usually suffer from higher light losses because light
travels outside the fiber. As discussed earlier, many lenses, filters and/or reflectors are
used to minimize this light loss.
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1.4.6 Light Source Used in Optofluidics
One of the main components of the optofluidic devices is the light source. Depending on
various parameters such as application of the device, modes of the fibers used or wave
functions, light sources are chosen for an optical study. For example, detection of the
fluorescein compounds only requires monochromatic light source because fluorescein has
a fixed excitation and emission wavelength4. On the other hand, cellular studies need a
broad range of spectrum because absorbance of the cells varies with respect to cell types
and activities3.
Recent literature has reported various light sources linked with optofluidics that
are monochromatic, narrow band or broadband beams. Monochromatic light sources, like
lasers, have a single wavelength or color and emits a coherent spectrum of light. Few
applications of monochromatic light sources are, fabrication of tunable 3D waveguide
studies60,61, light interface manipulation studies61 or 3D micropatternings60 and others.
Narrow beam light sources emit an incoherent light and have a narrow spectral
beam. Light-emitting diodes (LED) are the best example of the narrow spectrum light
sources. Usually, LED colors depend on the semi-conducting material used and/or the
spectral range of the light. These light sources can be used at normal room temperatures.
Halogen lamp is another light source used in optofluidics. This lamp can be used
in higher temperatures, allowing for detection at higher temperatures. The most employed
light source is the broadband light, which is an incandescent light source, similar to home
bulbs. Advantages of the incandescent light sources are less heat, less cellular damages
and covers the range in which most of the biological reactions occurs.
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1.4.7 Light Detectors in Optofluidics
Choice of the light detectors that are used in optofluidics also depends on the applications
performed on or with the device. In single photon studies, photo-multiplier tubes are
added (PMT) because PMT’s multiply the photons by a magnitude of 108. Advantages of
these PMT detectors are signal collections over a larger area with high gain and reduced
noise62. The PMT diodes are also sensitive in ultraviolet, visible and near the infrared
regions.
Charge coupled device (CCD) detectors are used in optical and UV
spectroscopy63. A CCD acts as an image sensor with an integrated array of capacitors that
are sensitive to light. Complementary metal-oxide-semiconductors (CMOS) are less
sensitive image sensors than CCDs but are widely used in LOC applications because of
its low cost, ease of integration and low sensitivity to background signals.
A frequently used detector in LOC applications is the spectrometer. The
spectrometer measures the light intensity variation over a specific wavelength range4.
Spectrometers are also employed for measuring the polarization, absorbance and/or
transmittance in a device. Most cellular studies in optofluidics use spectrometer detectors
because of the higher spectral range and higher resolution (upto 0.1 nm-resolution).

1.5 Applications of Optofluidics
A well-established application of optofluidics is found in flow cytometry studies with
embedded or proximity fibers. Wang et al. demonstrated direct device cell sorting using
an optofluidic device62. In this device, cells are analyzed in the interrogation region of the
device for green fluorescence and if the cells fluoresce, they are collected in a separate
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chamber using an optical switch. These devices measure the number and velocity of
microspheres in the fluids. In another study, Heng et al. developed an optofluidic
microscope with a slanted nanohole-array and high-resolution imager, integrated directly
into the microfluidic system64. This device can be used as a fully portable, stand alone
LOC for detection purposes. Another important application of the optofluidics includes
capillary electrophoresis (CE)65. Here, ionic species, in the microfluidic channel, are
separated based on the size-to-charge ratio. In CE, many fluorescent dyes such as
fluorescein, Rhodamine and ethidium homodimers, are used for detection.
Another well-established technique for optofluidic sensors is measuring the
refractive index (RI) of the sample. RI- based detection techniques are capable of labelfree detection of a small volume of analytes. Many RI based sensors such as nanoholearray based plasmonics27,51, photonic crystal fibres29, Mach-Zehnder interferometers66
and Febry-Perot28 and etc., are developed with high sensitivity for biological/chemical
analyses. Researchers have developed nanofluidic sensors, which have well defined
nanometer pores for flow-through mass transport28. This device acts as a nanoporous
sensor with well-aligned pores and also has faster mass transport because of flow-through
sensors. Other than RI based detection and fluorescence based detection, surfaceenhanced Raman spectroscopy detection are also used for analyte detection in the
optofluidics6,43.
Amongst applications, UV/visible absorption spectroscopy is the most commonly
used technique in laboratory diagnostics. In this technique, attenuation of incident light is
measured as a function of wavelength, using the spectrometer. These attenuation signals
have peaks that correspond to the concentration and compositions of the samples4. These
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devices measure chemical, fluorescence and amino acid/protein concentrations, etc45.
These devices are also used to perform immunoassays in order to measure the antibodyantigen interaction levels67.
Though the optical biosensors are extensively studied, they suffer from nonspecific adsorptions and optical losses that lead to higher noise levels and low sensitivity.
To address these issues, integrated optical systems incorporate waveguides, filters and
various optoelectronic elements in order to increase the sensitivity and achieve low limit
of detections (LODs)26,43. To achieve higher sensitivity and low LOD, Lobera et al.
fabricated an optofluidic device with air mirrors and light collimation lenses4(Figure 1.5).
The collimation lenses are used to focus most of the light in the detection region. Light
travels a ziz-zag path inside the channel because of refractive index differences between
PDMS/air and PDMS/PBS interfaces. This device reported an impressive LOD of 41 nM
for fluorescein detections. This device is further extended in use by Ibarlucea et al. to
demonstrate its usage in cell detection studies3.

1.6 Waveguides in Optofluidics
An optical waveguide is a construct to guide light waves. Generally, an optical
waveguide, constructed inside a microfluidic device, depends on the refractive index and
the total internal reflection phenomenon (Figure 1.4) (explained earlier in this chapter).
Waveguides integrated with microfluidic systems are called on-chip waveguides. The
purpose of these on-chip waveguides is to increase the delivery/transmission of the light
signal to detectors. Motivations for integrating the waveguides onto the microfluidic
devices are to either focus the light into the channel or increase the optical path length of
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the light for absorbance studies. Waveguides can be a liquid-liquid waveguide or a solid
waveguide such as glass or polymer.
Optical trappings of sensing elements in sensing regions using a microfluidic
system can enhance the interaction of analytes and the detection limits. Dynamic
properties of liquid and integrated microfluidics allow for the manipulation of two liquid
streams into the device. This phenomenon can be used to introduce a refractive index
difference at the diffusion interface of the two liquids, which is demonstrated to act as a
liquid-liquid waveguide for filtering applications48. However, liquid waveguides are not
efficient in containing optical losses.

Figure 1.5 An Optofluidic device with integrated air mirrors. a) Schematic illustrating
the path of light inside the device along with the reflective air mirrors and the collimating
lenses in both sending and receiving end of the fibers b) Blue LED light is used to excite
fluorescein that is inside the microfluidic device showing the path of light inside the
device.
[Source:4]
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In many studies, solid waveguides are incorporated inside the microfluidic
devices to act as waveguides68. Glass is the most frequently used waveguide but recently,
polymer waveguides have gained a higher interest because of their excellent
transmittance, lower cost and easy fabrication.
Polymers such as SU-8 epoxy and PDMS are employed as a waveguide in
optofluidic studies. However, construction of a polymer waveguide requires complex
processes in order to sandwich the waveguide in between the cladding substrate. On the
other hand, hydrogels are gaining a rapid interest in optical studies. However, fabrication
of waveguides and the related optical setups often have a complex design44,69. A few
studies have reported hydrogels in optical studies70.
Hydrogels are water insoluble, 3D networks of crosslinked polymer chains that
contain more than 90% of water. Hydrogels are carefully chosen for optical studies based
on their source (natural or synthetic), porosities, swelling properties and optical
properties etc71,72. Ability of the hydrogels to hold a large volume of specific functional
molecules inside has applications in chemical and biological sensing fields34,44,72.
Additionally, hydrogels provide in vivo like microenvironments and can be manipulated
with additional functionalities34,72. In a recent study, PEGDA hydrogel slabs are
demonstrated as an optical waveguide for sensing applications72. In this study, glucagonlike peptide-1 secreting cells are encapsulated in the PEGDA hydrogels with real time
optical read-outs and implanted in free moving mice. In addition, it is demonstrated that
by changing the concentration of water in the hydrogel, optical properties of the hydrogel
can be manipulated72. Although, this study is not performed in an optofluidic device, this
study demonstrates the potential use of PEGDA hydrogels as a scaffold-waveguide.
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1.7 Motivation
All the concepts and applications, discussed in this chapter, affirm that an on-chip device
with tunable optical sources shows great potential to build fully integrated lab-on-a-chip
biosensors. However, fabrications of an optofluidic device are often concentrated on
integration of various micro-optical components into the microfluidic device. In addition,
most optofluidic devices such as surface plasmon resonance (SPR)73, resonant mirrors
(Leaky dielectric waveguides)74 and granting coupler75, consist of only 2D dielectric or
metallic layers as a sensing region of the device. Although, few applications involving
3D hydrogels have shown higher sensor responses compared to 2D44, they suffer from a
complex setup and sensing processes. Jain et al. have demonstrated agarose hydrogels as
a waveguide and scaffold with integrated optical applications70. In this study, 1.5% of
agarose hydrogels act as a cladding for 2% agarose waveguides. This study also
demonstrates the possibility of cell encapsulations that leads to the possibility of
waveguide-scaffold fabrication. However, this system lacks the competent integration of
microfluidics for better control of analytes in and out of the system.
Therefore, optofluidics, as an emerging technology, faces challenges in different
facets. One main challenge is the fabrication of cells in 2D sensing regions, which fails to
achieve complete cell functionality. This is often considered a difficult challenge as the
cells are cultured in 2D whereas cells in vivo are rested on a complex 3D structure. Such
3D structures provide mechanical supports and biochemical functionalities that help cells
in differentiations. Studies have been carried out to prove that cells in 3D cultures behave
more similarly to cells in vivo than in 2D cultures76,77. Thus, it has now become an
imminent need for the development of a device that has simple characterization
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techniques as well as provides 3D structural support for the cells.

1.8 Innovation
Thus, this project demonstrates the fabrication of 3D PEGDA waveguides, integrated
with a microfluidic device and optical read outs, to act as a waveguide as well as scaffold
for cellular studies. Multimode fibers are employed in this study in embedded
configuration with broad-band/LED light sources and spectrometer detectors. This device
is further mentioned in this dissertation as µTAC (micro-scale tissue analog chip)
Rationales for selecting PEGDA hydrogels for this study are that it is
biocompatible and flexible to fabricate in desired shapes using the well-established UVphotolithography technique.

Waveguides are aligned with optical readouts in the

microfluidic device (Figure 1.6) and are surrounded by a cladding liquid with less
refractive index than PEGDA waveguides. Because of the refractive indices difference
between the cladding liquid and the PEGDA hydrogels, total internal reflection (TIR) of
light occurs inside the PEGDA hydrogel, which allows higher transmittance of light to
the detector. In addition, cells are encapsulated in the PEGDA waveguides to demonstrate
the ability of this device for cellular study. Hence, PEGDA hydrogels act as a waveguide
as well as a scaffold inside the microfluidic device.
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The following chapters cover in detail the fabrication process of the device,
characterization of the PEGDA waveguides and the capacity of µTAC device as a
biosensor.

Figure 1.6 Fabricated 3D PEGDA optical waveguide inside the microfluidic channel
with two optical read-outs and two collimating PDMS lenses on both the sending and
receiving ends. Red bar-like structure in the middle of the channel is the PEGDA
waveguide and the transparent reddish liquid around PEGDA is the cladding liquid. Four
holes are for inlet/outlet of liquids into the channel. The PEGDA waveguide is aligned
with the optical read out provisions.
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CHAPTER 2
PROPOSED DESIGN OF THE µTAC DEVICE

2.1 Objective
This chapter explains the proposed design of the µTAC device and its working in detail.
Initially, the physical geometry of the µTAC device is explained which is followed by the
workings of the PEGDA waveguides.

2.2 Physical Geometry
The key principle that governs the waveguide functions of any optical waveguide is the
total-internal-reflection phenomenon (TIR) (Equation 1.2, Chapter 1). Briefly, any wave
incident on an interface between two materials, having different refractive indices,
reflects or refracts as shown in Figure 1.4. This phenomenon is well explained by Snell’s
law (Equation 1.2) where reflections and refractions of light depend on the refractive
index property of the two materials and angle of incidence of the light in the interface.
When the incident angle is higher than the critical angle (θi > θc), light reflects
back into the same medium without travelling across the border, because of TIR. Due to
this phenomenon, most of the light entering the waveguide is confined inside the
waveguide and carried to the output fiber, without much loss. In this setup, optical
waveguides (light incident medium) must always have a higher refractive index than
cladding (transmission medium) in order to guide the light efficiently.
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The light entering the waveguide reflects back into the waveguide core when the
incident angle is greater than the critical angle. During TIR, evanescent waves are formed
which travel along the border and decay exponentially with increasing distance from the
interface.

Figure 2.1 Schematic representation of bottom view of the µTAC device (not to scale).
The fabricated PEGDA waveguide is aligned with the collimating PDMS lenses on both
sides in the PDMS microfluidic housing. PEGDA is surrounded by low-index cladding
liquid.
Thus, a fraction of light travelling in the transverse energy region extends beyond
the waveguide boundary and enters the cladding layer, which contributes to a fraction of
optical loss of light.
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In the µTAC device, high- refractive index PEGDA waveguides are embedded in
a low refractive index cladding liquid (Figure 2.1). Thus, the high-index PEGDA
hydrogels acts as a waveguide when embedded in a low-index cladding liquid (Figure
2.2).

Figure 2.2 Schematic representation of the PEGDA waveguide working inside the
microfluidic channel. Top figure shows the ISO view of the polymerized PEGDA
surrounded by cladding liquid with light source. Bottom figure shows the top view of the
waveguide with cladding liquid and light propagation inside the waveguide from the light
source to the detector. Yellow lines inside the waveguide indicate the reflected rays that
are confined inside the waveguide.
In the µTAC device, PEGDA waveguides are fabricated inside a PDMS
microfluidic channel as shown in schematic (Figure 2.1). The embedded fiber
configuration is employed in fabrication of the device. The provisions for embedding the
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optical fibers into the device are integrated with the design of the device. The design of
the µTAC device consists of three parts (Figure 2.3):
i)

Light propagation end

ii) Waveguide inside the microfluidic channel
iii) Light receiving end
The light propagation end has three main components: optical fibers,
microchannels for inserting optical fibers, and collimating biconvex PDMS lenses. A
broadband or LED light is propagated via the optical fiber that is inserted into the PDMS
micro-channel. Light waves diverge from the source and the divergence angle increases
with an increase in the distance from the source. Thus, PDMS bi-convex lenses are used
to collimate the propagating light wave into the microfluidic channel (where the PEGDA
waveguide is present, Figure 2.3, light propagation region).

Light Propagation
region

Detection
Region

Output
region

Figure 2.3 The microscopic image of the complete µTAC device, with “the light
propagation region”, “the detection region”, and “the output region”, shows the
propagation of light from the optical fiber that is guided by the PEGDA hydrogel and
received by another optical fiber.
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The second part of the device is the detection zone in which the PEGDA
waveguides are fabricated (Figure 2.3, detection region). After fabrication of the PEGDA
inside the channel, the cladding liquid, which surrounds the PEGDA waveguide, is
introduced into the channel through the inlet/outlet arms in the microfluidic channel. The
amount of light energy that the waveguides can confine inside defines the optical
property of the waveguide.
The refractive index (RI) of the polymerized PEGDA waveguide is ~1.48 whereas
the cladding liquid chosen in this study has a refractive index of ~1.33. PEGDA
waveguides are covered by PDMS and glass on the top and the bottom, respectively
(Figure 2.1). As a result, light propagation through the PEGDA waveguides is also
affected by the refractive index of glass (RI ~1.42) and PDMS (RI ~1.42). As PEGDA
waveguides are resting on a glass, light confinement is partial at the bottom portion of the
PEGDA. In a way, this partial confinement of light at the bottom works in favor of the
design by helping to examine the waveguide and the encapsulated samples under the
microscope. In initial characterizations of the device, these microscopic examinations
help to obtain clear results. In addition, the top region of the PEGDA waveguide also has
a small gap because of the PDMS quenching effect (discussed in Chapter 5).
The detection zone of the device is similar to that of the light propagation zone.
This region of the device has the same exact setup: one PDMS biconvex lens and a
provision for the optical fiber in which optical fibers are temporarily embedded (Figure
2.3, output region). The optical fiber in this region is connected to the spectrometer with a
resolution of one nm. In this setup, the collimation lens helps to focus the light coming
out of the detection zone. As a result, the detection signal is much stronger
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comparatively.
In conclusion, the PDMS biconvex lens collimates the light emerging in the
propagating zone and the PEGDA waveguide carries the light in the detection zone to the
light-receiving zone. This light carries information on samples that are encapsulated in
the PEGDA waveguide, which is measured as the intensity variation of light or
absorbance variation by the spectrometer.

Figure 2.4 Simulations of PEGDA waveguides inside µTAC. The top image shows the
ray simulation by the Tracepro software inside the waveguide along with collimating
lenses on both sides. Red lines indicate electromagnetic waves with higher wavelength
and green lines indicate light waves with lower wavelengths. Bottom Figure: light travels
inside the microfluidic channel without the waveguide.
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2.3 Model Simulation of PEGDA Waveguides in the µTAC
The propagation of light rays inside the PEGDA waveguide along with the collimating
lenses on both the sending and receiving side is modeled using Tracepro software. As the
maximum operating wavelength of the light source used is much less than the dimensions
of the PEGDA core-cladding, use of the geometric optics for simulation is validated. For
this ray simulation, default models from the software are employed. Final design of our
device with original dimensions is extracted from AutoCAD software to SOLIDWORKS,
where a 3D model is constructed. This 3D model can be extracted from SOLIDWORKS
to AutoCAD where the 3D PEGDA waveguide model is constructed with original
dimensions. For the 3D PEGDA waveguide, a material is chosen from the default list that
the software provide, which closely matches the refractive index of the PEGDA
waveguide. The cladding liquid is built as a brick around the PEGDA waveguide with a
material that has similar refractive index as water. In this design, bottom portion of the
PEGDA on a glass slide is not taken into account. This simulation data shows only the
working of the waveguide with collimating lenses in the proposed design.
From Figure 2.4, it is evident that the PEGDA waveguide confines and carries
light effectively in the detection zone from the propagation zone to the receiving end.
Red lines indicate the light with higher wavelength and green lines indicate the refracted
light that has the incident angle less than the critical angle. It is noteworthy from the
simulations that the PEGDA waveguide has optical losses along the path because of the
refracted rays and the evanescent waves (not shown in simulation results).
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Figure 2.5 Comparison of simulation and real waveguide. Similar observations of results
of TIR inside the PEGDA waveguide, in the simulation (left) and in the original
microscopic image (right) are shown in this figure. Places where TIR occurs inside the
PEGDA are marked with dotted arrows. Right image: Red lines indicate path of light.
In addition, it is clearly seen from Figure 2.4 that without the waveguides, light
diverges inside the microfluidic device with a higher loss compared to microfluidic
device with the waveguide. On the other hand, collimating lenses are found to be
effective in light collimation from the source. In the receiving end, it is observed that the
light leaving the waveguide suffers from divergence when it passes through the interface
between the cladding and the PEGDA wall.
From a closer look, it can be seen that the light rays entering PEGDA waveguide
are reflected off the walls of the PEGDA waveguide due to TIR (Figure 2.5). This
observation is in accordance with Snell’s law (Equation 1.2, Chapter 1). These simulation
results are compared with the real microscopic image of the light propagation inside the
optical waveguide. TIR reflections can be seen in the microscopic image of Figure 2.5 as
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a brighter regions and match the same regions observed in the simulation. This proves
that the device obeys the Snell’s law with the PEGDA waveguide fabricated inside.

2.4 Conclusions of the Chapter
This chapter mainly focuses on describing the physical geometry of the µTAC device and
the light propagation characteristics of the hydrogel waveguide fabricated with PEGDA
and surrounded by a low-index cladding liquid. From the design and simulation results,
it is clear that the presence of PEGDA waveguide inside the channel increases light
propagation to the detector through ray confinements by total-internal-reflections (TIR).
In addition, comparison of simulation results with the original microscopic image proves
the occurrence of TIR inside the PEGDA waveguides. This observation, in turn proves
that the PEGDA waveguides obey Snell’s law (Equation 1.2).
In the simulation, the PEGDA waveguide is considered to be a non-porous
uniform material and therefore confinement of the light waves inside the waveguide is
higher than observed. On the other hand, similar observations in the real waveguide
prove the efficiency of the PEGDA waveguides in light confinement irrespective of the
porosity. The structure of the collimating lens aligned with the optical fibers proved to be
efficient in collimating the light in both the propagation and output ends. In addition,
identical lens arrangement on either side gives the flexibility to both sides to act as either
the propagation region or output region.
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CHAPTER 3
CHARACTERIZATION OF PEGDA HYDROGELS

In this chapter, PEGDA hydrogel characterizations are explained in order to understand
the optical properties of the poly(ethylene glycol) diacrylate (PEGDA) as a waveguide.
Absorbance properties of PEGDA hydrogels are discussed with respect to concentrations
of the PEGDA in the precursor solution. In addition, the extent of the reaction during the
polymerization is explained with Fourier Transform Infrared Spectroscopy (FTIR) results
and the polymerization induced phase separation (PIPS) effect.

3.1 Objective
This study reports the variation in absorbance of the PEGDA hydrogels with respect to a
range of PEGDA concentrations from 10% to 50% w/v (in increments of 10%) in the
precursor solution with constant photo initiator concentration (PI) (Irgacure 2959).
PEGDA hydrogels are widely used in optical related studies72. For photonic
applications of PEGDA hydrogels, it is necessary to analyze the parameters that affect the
optical properties of the PEGDA. These analyses help to manipulate the optical
parameters in order to obtain desired optical properties in the waveguide.
PEGDA hydrogels reported in the literature, for photonic applications, depends
mostly on the absorbance measurement of the PEGDA. However, optical properties such
as absorbance/scattering of PEGDA hydrogels are not explored extensively in research
with respect to concentrations of PEGDA.
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Absorbance of the PEGDA depends on porosity of the hydrogels, which in turn
can be controlled by PEGDA concentrations in the precursor solutions72,78. Hence,
understanding the relationship between the absorbance of PEGDA and the concentration
of PEGDA in the precursor solutions, aids in achieving desired optical property of the
waveguide. This observation is relevant for optical research employing PEGDA
hydrogels for optical sensing applications.

3.2 PEGDA Hydrogels in Optical Biosensors
PEGDA hydrogels have tunable mechanical, physicochemical and biological properties79.
Due to flexible structural and mechanical properties, PEGDA hydrogels are extensively
employed in many applications such as electrochemical study80, drug delivery81, cell
encapsulation82 and optical sensing80, etc. In recent studies, PEGDA hydrogels, in optical
sensors, have grabbed more attention72. In optical sensors, PEGDA has been used in such
applications as cell-encapsulated waveguides72, protein-based optical sensors83, and
three-dimensional microarrays for optical detections of specific DNA sequences84, and
others. In addition, other studies employs PEGDA hydrogels as a copolymer with other
hydrogels and the optical property variation is studied with respect to change in the
copolymer concentrations85. In all the aforementioned studies with PEGDAs in optical
biosensors, only tunable mechanical properties or physical properties are exploited28,86. In
a few studies, flexible chemical properties of PEGDA are extended to fabricate a copolymer for sensing applications87.
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Nevertheless, the optical side of PEGDA is least explored in all these studies. For
an optical study, it is important to explore the optical properties of PEGDA hydrogels,
which will open many doors for its application in optical biosensors as a waveguide.

3.3 Rationales for Absorbance Measurement of PEGDA Hydrogels
PEGDA is selected for this study because it is soluble in both polar and non-polar
solvents giving it a freedom over various other solvents for a wide range of applications.
This study measures absorbance of PEGDA hydrogels with respect to change in
concentrations of the PEGDA in the precursor solution. PEGDA hydrogels are fabricated
through the well-established photo-polymerization method72,78,80,82.
In the photo-polymerization process, exposure of the PEGDA precursor solution
(PEGDA polymer + photoinitiator (PI) dissolved in solvent) to UV light yields porous
PEGDA hydrogels. Photo-polymerization induces inhomogeneity in the otherwise
homogenous mixture of the precursor solution, which leads to the networking of
monomers into a polymerized hydrogels72,78. Upon exposure to UV irradiation at ~365
nm wavelength, photoinitiator releases free radicals which in turn induces the PEGDA
monomers to crosslink into a polymer through chain reactions (Figure 3.1). This
polymerization process results in a porous PEGDA scaffold. Porosity of the scaffold
depends on the concentrations of PEGDA present in the precursor solutions.
Porosity of hydrogels not only contributes to the optical properties but also to the
biocompatibility and the dimensional stability of the hydrogels. Nutrients flow in and out
of the hydrogels exceedingly depends on the porosity of the hydrogels. Further,
increasing the PEGDA concentrations decreases the water concentration in the scaffold,
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making it less compatible for cellular studies. On the other hand, lower concentrations of
PEGDA lead to dimensionally instable hydrogels for any tunable structural applications.
Thus, to obtain a PEGDA concentration suitable for both cell culture study and optical
applications, an optimal concentration of PEGDA, with more biocompatible and higher
absorbance signal, has to be chosen.

Figure 3.1 Polymerization of PEGDA hydrogels under UV lamp in the presence of a
photoinitiator is shown. The top part of the image shows the free radical formation from
photoinitiator (Irgacure 2959), which cleaves the bond in PEGDA monomers and initiates
chain reaction.
[Source:88].

During the polymerization process, as a distinct phenomenon, phase separation
occurs when the solvent content in the precursor solution exceeds the maximum
equilibrium of the solvent uptake of the crosslinked polymer during polymerization72,8991
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Sequentially,

absorbance/scattering properties of the PEGDA hydrogel greatly depend on the pore size
of the hydrogel78. The bigger the pores of the hydrogels, the higher the scattering of light
that passes through the hydrogel.
This porosity of the hydrogels exceedingly depends on the concentrations of the
PEGDA present in precursor solutions72,78. Pore size is inversely proportional to PEGDA
concentrations78. Higher PEGDA concentrations in the precursor yields a smaller pore
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size in the resulting hydrogels 78. In addition, more scattering of light in the visible region
makes the hydrogel more opaque.
Thus, the expectation of this experiment is to observe a significant difference in
the absorbance signal of the PEGDA hydrogel with varying concentrations of PEGDA in
the precursor solution.

3.4 PEGDA Hydrogels Fabrication
Materials: For this experiment, poly(ethylene glycol) diacrylate (PEGDA, Mn=700
g/mol) and phosphate buffer saline (PBS) are purchased from Sigma Aldrich.
Photoinitiator (PI), Irgacure 2959 (4- [2-hydroxyethoxy]phenyl-2- hydroxy-2-propyl]ketone) is purchased from BASF and used as received from the industry unless otherwise
indicated. In order to fabricate the PEGDA hydrogels, PEGDA precursor solutions are
prepared by adding the PEGDA polymer to PBS at concentrations between 10% to 50%
wt vol-1 (in the increments of 10% wt vol-1) with 0.5% wt vol-1 of the photoinitiator.
Further, in the following texts, p1 to p5 indicates the PEGDA precursor solution with
PEGDA concentrations 10% to 50%, respectively. The PI concentration is kept constant
at 0.5% for the experiment because higher than 0.5% concentration is reported to have
toxic effects on cells92.
In addition to PEGDA scaffolds, four control solutions are prepared for reference,
which are as follows.
•

Control 1- Un-polymerized PEGDA precursor solutions (p1 to p5).

•

Control 2- PEGDA 0.7 kDa in PBS without photo-initiator (PI) (10%, 20%, 30%,
40% and 50% PEGDA 0.7 kDa)

•

Control 3- Irgacure 2959 (PI) 0.5% in PBS without PEGDA 0.7 kDa unexposed
to UV
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•

Control 4- Irgacure 2959 (0.5% wt vol-1) in PBS without PEGDA, exposed to UV.

Figure 3.2 Schematic of PEGDA hydrogels fabrication inside a 96 well plate. From Top,
hydrogel precursor solutions are filled inside 96 well plate and UV crosslinked. Final
image shows the triplets of crosslinked hydrogels from all PEGDA concentrations.
Control solutions are prepared and tested for absorbance in order to understand
the effect of polymerization on the monomers. Absorbance results of controls represent
different possible parameters that might affect the final absorbance of the PEGDA
scaffold. Control -4 is selected in order to observe the contribution of free radicals alone
in the final absorbance value.
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The fabrication method of PEGDA hydrogels is similar to the previously
established in the photolithographic method43. The hydrogel fabrication process is
constant throughout the experiment for all concentrations unless otherwise mentioned.
Before fabrication, optimized UV parameters for the PEGDA scaffold fabrication are as
follows
•

Height from UV lamp to sample - 18 cm

•

UV power - 6.1 mW/cm2

•

UV exposure time- 80 seconds

40 µl of PEGDA precursor solutions each (p1 to p5), are added in triplets to 96 well plate
and exposed to an UV lamp (power: 6.1 mW/cm2) for 80 seconds (Schematic, Figure
3.2). Triplets of all the four controls and blanks (PBS) are placed along with the PEGDA
hydrogel samples in one 96 well plate for absorbance reading.
Optical transparency of the hydrogels relies once again on the porosity of
hydrogels. Experimentally, to observe this phenomenon 200 µl of PEGDA precursor
solutions each (p1 to p5), are filled in a glass bottle and UV polymerized using the UV
parameters mentioned above. UV exposure time is changed to 120 minutes in order to
achieve a complete polymerization of the whole volume.

3.5 Absorbance Analysis of PEGDA Hydrogels
3.5.1 Procedure
Plate reader (Emax, Molecular device; software-Softmax Pro) is used to measure the
absorbance of PEGDA hydrogels, along with controls and blanks. Samples are measured
at 405, 450, 490 and 650 nm wavelengths using wavelength filters in the plate reader.
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Instead of the µTAC device, this study employed a well-established plate reader for
absorbance reading to obtain the initial results.
The Oneway-ANOVA statistical method with Tukey’s post hoc analysis is used
to determine the significance of absorbance between various concentrations of PEGDA
scaffolds. Differences between the groups are considered to be significant when p<0.05.

Figure 3.3 Optical absorbance spectra of the PEGDA hydrogels compared with the
controls and blanks prepared for this study are represented.
3.5.2 Results
Quantitative assessment of the PEGDA hydrogels, over a range of PEGDA
concentrations, are observed to be significantly higher compared to the unexposed
ingredients of the precursor solution and the exposed PI solution (Figure 3.3). However,
PI exposed to UV showed significant absorbance compared to unexposed samples
indicating that the free radicals have a measurable absorbance value.

39

Figure 3.4 Absorbance of PEGDA hydrogels, fabricated from varying concentrations of
PEGDA in PBS, 10% to 50% wt vol-1 are represented in four different wavelengths..
Error bars represent the standard deviations of the samples. Significance lines, above the
bars, represent the significance between the samples with p<0.05. Statistical Analysis:
One way ANOVA with Tukey’s posthoc analysis.
Effect of the varying PEGDA concentrations on absorbance of the resulted
hydrogels, are clearly observed to be significant to each other except for the hydrogels
from 20% and 40% of PEGDA concentrations (Figure 3.4).

Absorbance values of

PEGDA hydrogels from 10/90, 30/70 and 50/50 of PEGDA/PBS precursor solutions are
observed to be significant to all other concentrations in the groups (p1 to p5). Absorbance
of PEGDA hydrogels, from 20/80 and 40/60 of PEGDA/PBS solutions, are observed to
be significant to other concentrations of PEGDA/PBS used, but are not significant to each
other. These results indicate that the absorbance of PEGDA hydrogels strongly depends
on the concentration of PEGDA in the precursor solution.
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Further, the absorbance variation is observed as a bell curve in the entire
measured wavelengths with a peak at 30/70 PEGDA/PBS solution (Figure 3.4). After
30% PEGDA concentration, absorbance is observed to be decreasing. This decrease in
absorbance is because of a decrease in pore size with an increase in PEGDA
concentrations. In other words, with a decrease in the pore size of the hydrogel,
scattering/absorption of light reduces, because with a smaller pore size, light behaves
more or less similar to travelling in a uniform medium. In a study by Wu et al., CryoSEM
images of PEGDA 0.7kDa hydrogels with 10%, 50% and 100% concentrations of
PEGDA in the precursor solution shows that the pore size decreases with increase in the
PEGDA concentrations in the precursor solution78 (Figure 3.5). This phenomenon,
however, contradicts the absorbance trend observed from 10/90 to 30/70 solution
hydrogels where instead of showing a decreasing trend in absorbance, an increasing trend
is observed.

Figure 3.5 Representation of CryoSEM images of PEGDA hydrogels with PEGDA/H2O
concentrations ranging from a) 10/90 b) 50/50 and c) 100/0.
[Source: 78].

Increase in the absorbance with increase in the PEGDA concentration can be
explained by PIPS. From 10/90 to 30/70 PEGDA/PBS solutions, the solvent
concentration is twice as high as than the PEGDA concentration. This higher solvent
concentration can lead to the PIPS phenomenon during the polymerization that will result
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in hydrogels, which will have an altered porosity because of PIPS. Occurrence of PIPS
can be evidently seen in hydrogels ranging from 10/90 to 30/70 PEGDA/PBS because in
that range of concentrations absorbance values follow a reverse trend, by increasing with
an increase in PEGDA concentrations. Additionally, absorbance/scattering of light inside
the hydrogel also affects transparency of the hydrogel because more scattering of light by
bigger pores yields less transparent hydrogels. Visibly, the photographs of the hydrogels
in glass bottle (Figure 3.6), from all range of solutions, are observed to show a similar
trend of transparency, agreeing with the absorbance results obtained.

Figure 3.6 Photographs of PEGDA hydrogels at varying PEGDA concentrations, inside
glass vial.
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3.6 Spectral Characterization of PEGDA Hydrogels
In order to understand the absorbance bell curve from p1 to p5 solutions, FTIR analysis is
performed. This observation supports our understanding on PIPS occurrence and the
extent of reaction during polymerization.
FTIR (Fourier-Transform infrared) analysis is widely used to find out the extent
of reaction and double bond conversion in a chemical reaction. Hydrogel polymerizations
occur through conversion of acrylate groups during polymerization (Figure 3.1). Double
bond conversions in the vinyl carbon atoms of PEGDA chains can be identified in FTIR,
to understand the extent of the reaction.

Figure 3.7 Graphical representation of ATR-FTIR results of PEGDA scaffolds with
concentrations ranging from 10% to 50% of PEGDA in the precursor solutions.
3.6.1 Sample Preparation for FTIR Analysis
Samples are dried at room temperature for 48 hours and powdered for FTIR studies
because the hydrated scaffold have solvents that will mask the infrared reading of bond
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conversions. In addition, dried samples carry the same information of bond conversions
as hydrated samples.

.
Figure 3.8 FT-IR spectra of PEGDA monomers and PEGDA polymers showing the
peaks of various bond formations compared to PEGDA un-crosslinked monomers
[Source: 93].

3.6.2 Acrylation Chemistry
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) is used to measure
the absorbance of the samples in the wavenumber range of 1600 cm-1 to 800 cm-1 with a
peak resolution of four cm-1. Peaks are observed at 810 cm-1 86,94, 1190 cm-1 94,95 and 1412
cm-1 94,95 wavelengths for the confirmation of -CH=CH2 bond conversions (Figure 3.7).
In general, uncross-linked PEGDA monomers have peaks at 810 cm-186, 1190 cm1

and 1412 cm-1 because of vibrations of the acrylic bonds -CH=CH2, 1103 cm-1 for -C-O
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symmetric stretching, for -CH=CH2, 1632 cm-1 for -CH=CH2 stretching and 1726 cm-1
for -C=O stretching for ester bonds93-95 (Figure 3.8). It can be observed in Figure 3.7 that
upon polymerization, peaks at 810 cm-1, 1412 cm-1 and 1190 cm-1 wavenumbers
disappeared or weakened indicating that double bonds are completely reacted for the
polymerization conditions used in this study. Peaks of the monomers are compared with
the already published results that are represented in Figure 3.8.

3.7 Discussions
In this chapter, series of experiments are performed in order to understand the optical
properties of PEGDA hydrogels. In this proposal, PEGDA hydrogels are fabricated via
free radical polymerization reaction. As shown in Figure 3.1, the photoinitiator creates
free radicals in the solution upon UV radiation. These free radicals attack the C=C bonds
present in the acrylate groups of PEGDA monomers and initiates the polymerization
process that leads to linear, branched or crosslinked polymers. In such polymers,
dispersion of these solvent molecules in the polymer results in pore formations. Size and
dispersion of the pores in the polymers govern the optical properties of the hydrogel such
as optical transparency, absorbance and scattering properties.
Relationship between PEGDA concentrations to pore size is studied previously
where it is reported that with increase in PEGDA concentrations, pore size
decreases78(Figure 3.5). Decrease in the pore size results leads to lower absorbance of the
samples. Thus, from this relationship between PEGDA concentrations and pore sizes, it is
understood that the PEGDA concentration in the precursor solution is inversely
proportional to the absorbance of the resulting hydrogels. This trend is observed in this
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study, when the PEGDA concentration is higher than 30% w/v in the precursor solution
(Figure 3.4).
As a distinct phenomenon, PIPS occurs when solvent concentration exceeds the
equilibrium of solvent uptake by the crosslinked polymer during polymerization. In other
words, PIPS occurs when the solvent concentration is higher in the precursor solution.
Due to PIPS, there will be a phase separation during polymerization that leads to a
solvent-rich phase and a polymer-rich phase. Polymerizing samples come under the
polymer-rich phase whereas the un-crosslinked precursor solution comes under the
solvent-rich phase. PIPS phenomenon is a reflection of the kinetic process in which the
competition between the rate of polymerization and the rate of phase separation occurs.
The resulting samples are the balance between these two processes during
polymerization. Characteristically, in the final porous hydrogel structures, pores formed
due to PIPS affects the absorbance property of the hydrogel.
The occurrence of PIPS explains the reverse trend followed by the absorbance of
hydrogels from concentrations 10% to 30% w/v of PEGDA (Figure 3.4). Evidently, from
photographs of PEGDA hydrogels it is observed that the hydrogels from p1 to p3 show
increase in opacity whereas hydrogels from p3 to p5 shows an increase in transparency,
which agrees with the absorbance results obtained (Figure 3.6).
On the other hand, these results are reassured by the FT-IR analysis, where the
bond conversion data shows higher absorbance for p3-hydrogel compared to other
groups. Null peaks at 810 cm-1, 1190 cm-1 and 1412 cm-1 from the data proves that the
extent of reaction is complete and the polymerization of PEGDA is complete in the
hydrogel (Figure 3.7). Thus, from FTIR it is concluded that the anomaly in absorbance is
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not a result of the incomplete absorbance but because of the pore size and PIPS
phenomenon.

3.8 Conclusions
In conclusion, this study demonstrated quantitatively that the absorbance of PEGDA
hydrogels extensively depends on PEGDA concentrations in the precursor solutions.
Change in PEGDA concentrations in the precursor solutions affect the pore size of the
resulting hydrogel, which in turn affects the absorption properties of the hydrogels. In
addition, the occurrence of polymerization-induced phase separation (PIPS) in the
PEGDA polymerization process also affects the absorbance of PEGDA. These results
clearly prove that with a simple manipulation of the PEGDA concentration in the
precursor solution, optical properties such as absorbance/scattering can be controlled.
In further experiments, PEGDA hydrogels are employed in cellular studies.
Therefore, an optical concentration of PEGDA has to be chosen with properties such as
higher biocompatibility, lower swelling ratio and higher optical transparency. Higher
concentrations of PEGDA yield stiffer hydrogels that are not compatible for biological
studies. In that case, from this study PEGDA 20% is chosen for further experiments
because of its higher water content, optical transparency and comparatively higher
swelling ratio than the 10% PEGDA concentration hydrogels.
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CHAPTER 4
FABRICATION AND CHARACTERIZATION OF THE MICROFLUIDIC
CHANNEL OF THE µTAC

In this chapter, the fabrication and the characterization of the microfluidic housing region
of the µTAC device is discussed. This process is explained in three sections: (i) design of
the Photomask for the device fabrication, (ii) the fabrication of the device with the PDMS
elastomer and (iii) the characterization of the fabricated device with a fluorescein
compounds (without waveguide in it).

Figure 4.1 Shows the design of the Photomask for the fabrication of SU-8 Masters.
White areas allow UV light to pass through whereas black areas block the UV light.

4.1 Photomask Design for the Device Fabrication
For fabricating a template of the µTAC device (discussed early in Chapter 2), this study
adopts the photolithographic technique. The photolithography process requires a
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Photomask, a UV light source and a photoresist compound. Photomasks are defined as
opaque plastic sheet or plate that allow lights to shine through a transparent area or a hole
that are placed in a defined geometry (Figure 4.1).

Figure 4.2 AutoCAD design of the Photomasks for the microfluidic channel with the
fluidic path length of 2 mm.
Photomasks are designed using the AutoCAD software. Photomasks design from
AutoCAD software, for this study is shown in Figure 4.2. (Note: There is more than one
Photomask design in this proposal. The design that is explained and employed in this
chapter is only meant for the fabrication of the microfluidic channel in the µTAC device.
Other designs are explained in the chapters in which it is used).
In the Photomask design, it is important to understand the rationale behind the
dimensions of each region (Propagation, detection and output region, as discussed in
Chapter 2). An optical fiber provision and collimating lenses arrangement are chosen
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carefully to collimate the light beam into the channel effectively.
The optical fibers used in this study have a diameter of 200 microns and a
numerical aperture (NA) of 0.22. The numerical aperture of a fiber can be defined as the
product of the refractive index of the material in which the light travels and sine of the
maximal half angle of the cone of light. However, the numerical aperture data can be
obtained directly from the manufacturer and using that data, the focal length of the
collimating lenses can be determined. The beam diameter of the light propagating from
the optical fibers is assumed to be 200 microns. Hence, the focal length of the collimating
lenses can be calculated from Equation. 4.1, where BD is the beam diameter, f is the focal
length and NA is the numerical aperture of the optical fiber.
𝐵𝐷 = 2 ∗ 𝑓 ∗ 𝑁𝐴
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Figure 4.3 Blue LED light convergence into the microfluidic channel where the
collimated light hits the microfluidic wall because the microfluidic wall is placed in the
proximity of the focal length of the collimating lens.
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The focal length of the collimating lens is calculated to be 454 microns for NA 0.22 and
BD 200 microns. With this value of the focal length, the collimating lenses are designed
in such a way that the microfluidic channel walls lie in proximity of the focal length of
the lens (Figure 4.3). Dimensions of the optical fiber provision is set to be 250 microns
which is equal to the diameter of the cladding in the optical fiber.
After the lens and the optical fiber provisions are designed, the microfluidic
channel portion is designed. The initial dimension of the microfluidic channel is 1.85 mm
in width and length 2 mm, as shown in Figure 4.2. Distance from the optical fiber
provision to the microfluidic channel wall is ~1188 µm. This measurement is kept
constant in all the channels. As a result, the optical path length of this device is 4376 µm
(~1188+2000 µm fluidic path length).
Along with the microfluidic channel, four inlet/outlet arms are fabricated for the
fluid flow. The design of these fours arms is in symmetric to the longitudinal axis of the
channel (Refer to Figure 4.1, 4.2 and 4.7). This symmetric design is to introduce liquid
from either side of the channel when the PEGDA waveguide occupies the center of the
channel. As seen in the design, two positive signs are placed in the horizontal axis of the
channel. These positive signs act as an alignment sector during the waveguide
fabrication. Importance of this sign is discussed in detail at the waveguide fabrication
section.

4.2 Fabrication of the SU-8 Master
This template or master fabrication is based on the well-established photolithography
method. Micro-fabrications using photolithography are inexpensive, easy to operate and
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readily accessible in normal laboratory conditions because unlike semiconductor
industries, this type of photolithography techniques does not require a clean room. In
addition, many microscale details can be easily designed with software and replication of
those microscale details on a master requires less precision in the fabrication process.
This fabrication process requires a photoresist material. A photoresist material is
of two types: negative photoresists and positive photoresists. In negative photoresists, the
area exposed to UV becomes insoluble in the photoresist developer solution whereas in
positive photoresists, area exposed to UV becomes soluble in the developer solution. This
study employs a SU-8 negative photoresist material (SU-8 100). Using the
photolithography technique, which is also called UV lithography or optical lithography,
the geometry in the Photomask is transferred to the photoresist material through UV
exposure. After the UV exposure, photoresist materials are treated with a series of
chemical compounds to engrave the geometry onto the substrate. In this section, the
fabrication of the master using SU-8, a negative photoresist, is discussed. Materials used
in the process are listed in the Table 4.1.
Table 4.1 Materials Used in the Fabrication of SU-8 Master
Material

Chemical name abbreviation

Molecular
Weight (g/mol)

Company

Ethyl Alcohol

Ethanol

46.07

SigmaAldrich

Silanizing Agent

Tridecafluoro‐1,1,2,2Tetrahydrooctyl‐1‐ Trichlorosilane

_

Photoresist

SU-8 100

_

PGMEA

Propylene glycol monomethyl ether
acetate

_

2-propanol

60.1

Polydimethylsiloxane

_

Isopropyl
Alcohol (IPA)
PDMS
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Microchem
SigmaAldrich
Fisher
Chemicals
Sylgard ®

Figure 4.4 Schematic of the SU-8 master fabrication process is shown step by step.
Initially, SU-8 coated on a silicon wafer, baked and exposed to UV with Photomask.
Later post-baked and developed in a developer solution.
The complete fabrication process of the SU-8 master is schematically showed in
Figure 4.4. The first step in the fabrication of SU-8 master is the SU-8 coating on a
silicon wafer. The chosen 3” silicon wafer is cleaned with the IPA solution and the
deionized water to remove any possible dusts. Later, the 3” silicon wafer (Crystal
Technology Inc) is plasma treated using the plasma cleaner (Harrick Plasma PDC-001) in
order to make the surface hydrophilic. 3-4 ml of negative photoresist epoxy (SU-8 100,
MicroChem Corporation) solution is filled in the center top of the 3” silicon wafer. This
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whole setup is carefully placed inside a spin coating chamber and secured using a
vacuum pump. In addition, the silicon wafer is placed in such a way that the vacuum
suction is at the center of the wafer. This setup is important because the centripetal force
acting on the SU-8 has to be uniform during the spin, which leads to a uniform coating all
over the wafer.
Parameters for this process such as the pre and post development of the baking
time, the photoresist spinning rate/spinning time, and the time to develop the solution in
the developer are directly obtained from the data sheet of the photoresist SU-8 100 for the
desired thickness. To achieve the desired height of the coating, which is ~250 µm, the
spin coater (Laurell Technologies Corporation) is programmed to spin at 500 rpm for the
first 20 seconds and 1690 rpm for the next 44 seconds. This program coats the SU-8
uniformly on the silicon wafer with ~250 µm thickness using the spin coater. After
coating of the SU-8, it is pre-baked for 30 minutes at 90 C and 90 minutes at 115 C (hot
plate, Corning Incorporated). This hardens the SU-8 coating. After prebaking,
Photomask, designed for the microfluidic channel, is placed on top of the SU-8 coating
and exposed to UV light (Power 6.1 mW/cm2, exposure time 80 seconds) (Uvitron
International, Inc) for SU-8 crosslinking. The exposure time of UV is calculated using the
Equation 4.2.
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(4.2)

After UV crosslinking, SU-8 is post-baked @ 90 C for 1 minute and 115 C for 20
minutes. These post-baked silicon wafer is placed in the PGMEA developer solution
overnight. These fabricated positive mold of SU-8 with ~250 microns height are placed
in a petri dish (Figure 4.5). This whole setup is placed inside a vacuum chamber over
night along with a drop of silanizing agent inside a bottle. Due to the vacuum suction,
silanizing agent will deposit on top of the baked SU-8 microstructures. After the
silianization, the silicon wafer is heated for a minute at 90 C to remove the excess
silianization agents from the SU-8 wafer. This SU-8 master is stored in a petri-dish in a
dust free environment to further use in the soft-lithography fabrication of the PDMS
channel.

Figure 4.5 The final SU-8 master fabricated on the silicon wafer for 2 mm fluidic path
length. Scale bar: 2 mm.

4.3 Microfluidic Channel Fabrication with PDMS
The SU-8 master that is fabricated in the previous section acts as a positive mold. In the
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SU-8 master, the micro-channel details are fabricated with precision and these details can
be transferred to an elastomer solution as a negative mold. PDMS elastomer is widely
used in the soft-lithography technique because of its optical transparency, chemical
inertness, thermally curable, and biocompatible for cellular studies. Using the PDMS,
SU-8 master is replicated with all the microscopic reliefs. The resulting PDMS microchannels are the negative replica of the positive SU-8 micro-scale details on the silicon
wafer. The fabrication of the PDMS channel using the soft-lithographic technique is
explained further.

Figure 4.6 Schematics and the corresponding results of the fabrication of PDMS replica
from SU-8 molds and attaching it irreversibly to glass slide using plasma treatment.
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For the PDMS channel fabrication, optically clear (poly)dimethyl-siloxane
(PDMS, Dow Corning Corporation Sylgard 184) is mixed with a curing agent in 1:10
ratio of curing agent: PDMS. This mixture is thoroughly mixed and poured on to the SU8 master. The whole set-up is kept inside a vacuum chamber and the PDMS solution is
degassed for a few hours to remove all the air bubbles from the mixture. After removing
all the bubbles from the solution, the petri-dish with the PDMS and the SU-8 master is
transferred to hot air oven and cured at 600 C for a few hours. After the PDMS is
completely hardened on top of the SU-8 channel, it is peeled off from the surface of the
SU-8 master. This PDMS has the microfluidic channel with a height of ~250 µm. The
whole device is cut from the remaining PDMS and stored in between a scotch tape in
order to prevent dust depositions. The complete fabrication of the PDMS replica is shown
in Figure 4.6.

4.4 PDMS-Glass bonding
The PDMS channels are cut exactly in the border in such a way that the optical fiber
provision is exposed at both the ends of the channel. Thus, insertion of optical fibers
inside the provision can be achieved with ease. After obtaining the PDMS channel, the
inlet and outlet holes are punched using a puncher (Harris) with a diameter of 0.5 mm.
These processes are performed on a bench-top inside the laboratory, which may lead to
possible dust particle deposition. Thus, these PDMS channels are cleaned using the
scotch tape. Glass slides (25x75 mm, Fisher Scientific) are also cleaned using the scotch
tape. These PDMS channels and the glass slides are treated with plasma cleaner for 5
minutes. This makes both the glass and the PDMS hydrophilic. After the plasma
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treatment, PDMS channels are placed on top of the glass slides in such a way that the
channel face the glass slides (Figure 4.6, last step). To secure the PDMS-glass bonding,
this whole setup is kept in a hot air oven for 10 minutes. To show the channel details
legibly, the channel is colored (only for photography purpose) and represented in Figure
4.7.

4.5 Characterization of the Microfluidic Channel
After the fabrication of the device, the next step is to characterize the proposed design
with respect to Beer-Lambert law. Therefore, the device is tested through absorbance
measurement analyses. In this session, the process of absorbance analysis is explained by
detecting varying concentrations of fluorescein compound with the proposed design. For
this purpose, this study employs the readily available 4 mm fluidic path length device
(Note: The fluidic path length chose for this study is different from the one explained in
the fabrication section).

Figure 4.7 The fabricated PDMS replica is attached to a glass slide irreversibly using
plasma treatment. The blue color indicates the lenses and optical fiber provision and the
red (mixed with blue) indicates the microfluidic channel. The channel represents 8 mm
fluidic path length.
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4.5.1 Beer-Lambert’s Law (BL Law)
Beer Lambert’s law explains the relation between the concentration and the absorbance
for a constant optical path length.
𝐴 = 𝜀𝐶𝑙

(4.3)

Where ε is the molar absorptivity coefficient, C is the concentration of the sample and L
is the path length of light. From Equation 4.3, it is clear that the absorbance variation is
directly proportional to the concentration of the analyte for the given optical path length.
Among multiple existing examples of optical detections, the absorbance method is widely
chosen for testing a device because of its simple and sensitive operations.

Figure 4.8 Optical setup of the µTAC device on the microscopic stage with the fibers
connected to the micro-channels in the device. Inset image shows a closer look of the
device with the connected optical fibers.
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4.5.2 Validation of Beer-Lambert’s Law
The µTAC device is characterized using fluorescein di-sodium compound. Fluorescein
compound has an excitation wavelength around ~488 nm wavelength. In order to
establish an absorbance curve over a range of fluorescein concentrations, the fluorescein
stock solution of 1mM is serial diluted from 0.5 mM to 244 nM in ½ ratio. These stock
solutions are stored away from light and are kept in the room temperature through out the
whole study.

Figure 4.9 Change in the intensity over a range of concentrations of fluorescein in nM.
Water is used as the reference spectrum.
4.5.3 Optical Setup for Absorbance Analysis
The PDMS channel, attached to glass slide, is placed on top of the microscope stage
(Figure 4.8). Two metal pins, attached with the microscopic stage, secure the device from
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moving or wobbling during the experiment. On both sides of the device, optical fibers
(diameter 200 µM)(M25LO5 FG200LCC, Thorlabs) are embedded into the PDMS
microchannel (the optical fiber Provisions). Optical fibers are secured by inserting all the
way through the micro-channel, using a microscope. One optical fiber is for the
illumination of the samples and the other optical fiber receives the light and sends to the
detector (Figure 4.8). The illuminating end of the fiber is connected to a broadband white
light source (OceanOptics HL-2000-HP- FHSA white light lamp), which has spectral
range from 200-1000 nm wavelengths approximately with a maximum peak around 600
nm wavelength. Experimentally, the complete spectral range is not useful in this study
because excitation and emission wavelengths of fluorescein lie around ~488 nm and ~520
nm wavelength, respectively.

Figure 4.10 Absorbance variations corresponding to varying concentrations of
fluorescein from 350 nm to 550 nm wavelengths. Note that the values near 550 nm
became flat, indicating the decay of light due to emission.
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Therefore, the absorbance value is observed around ~488 nm wavelength. The
spectrometer (HR4000, Ocean Optics), with a resolution of 4 cm-1, detects the signal
from the detection zone via the other optical fiber connected to the device. The Spectrasuite (Ocean Optics) software tool records the intensity data in xml format for later
analysis.
4.5.4 Absorbance Analysis of Fluorescein
Fluorescence occurs when a substance absorbs light in one wavelength and emits the
absorbed light in another wavelength. When a fluorophore absorbs light at one
wavelength, it will reach an excited state. In order to return to its original ground state,
that substance will lose energy in another wavelength. Hence, in this study fluorescein
molecules that are excited by the white broadband light shows variation in the absorbance
spectra near ~488 nm wavelength. It is observed from Figure 4.9 that the intensity
variations becomes equal after ~500 nm wavelength, because above this wavelength,
excitation and emission of the fluorescein, results in attenuation and amplification of the
light, which balances the signal after the ~500 nm wavelength. As a deduction, the
interested spectral range for this operation is only below ~490 nm wavelength.
Three µTAC devices are tested with all the concentrations of fluorescein. Initially,
DI water is used as the reference spectra (software specifications: Int. time 320 ms; scans
to average 10; Boxcar 0). All the dilutions of fluorescein are tested and the corresponding
intensity variations are recorded (Figure 4.9). From the intensity data the absorbance
values are calculated with Equation 4.4.
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𝐴 = − log

𝐼1
𝐼𝐻20

(4.4)

Where I1 is the intensity of the sample and IH20 is the intensity of the DI water. This
absorbance is expected to be linear with increase in the concentration of the fluorescein.

4.6 Absorbance Analysis Results
Using the instrumentation explained above, for each concentration of the fluorescein, 10
consecutive scan of intensity readings are recorded using the spectrometer. The
integration time is chosen to be 80% of the maximum signal and thus, the integration
time is set to be 320 ms. These intensity values between 200 and 1100 nm wavelengths
are stored as an xml file for later analysis. Along with the intensity data of samples,
reference spectra are also recorded. All the samples and the reference spectra are
performed on three different devices of the same design for statistical significance.
Figure 4.9 shows the intensity data variation for a range of fluorescein
concentrations. It is clearly observed from Figure 4.9 that the data variation occurs below
500 nm wavelength and all data becomes almost equal after the 500 nm wavelength. This
phenomenon is because after 500 nm wavelength absorbance is nullified by the effect of
emission in those regions. This balance between absorption and emission results in a
similar level of intensity for all the concentrations of fluorescein.
On the other hand, below the 500 nm wavelength, the intensity level decreases as
the concentration of fluorescein level increases. Decreasing intensity levels in turn imply
the increasing absorbance levels. As the concentration of fluorescein increases, the
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amount of light quenched or absorbed by the fluorescein molecules increases (Figure
4.10). It can be clearly observed that the absorbance level increases linearly with increase
in fluorescein concentrations, which agrees with the BL law. Sequentially, this qualitative
data is quantitatively observed by plotting the absorbance data with the concentration of
fluorescein. An intermediate wavelength is chosen from the working wavelength range,
which is at the 454 nm wavelength. Every device has a limit of linearity where the device
will no longer be linear over a concentration (lineal limit) and below certain
concentration (limit of detection). For this reason, a concentration range is chosen such
that the absorbance variation of the proposed device is linear in that range.
From Figure 4.11, it can be clearly seen that for the selected concentrations of
fluorescein,

absorbance

data

increases

linearly

with

increase

in

fluorescein

concentrations. This agrees with the BL law where it states that absorbance is directly
proportional to the concentration change for the given optical path length and molar
absorptivity. With this calibration curve, slope (m) can be calculated which is the ratio of
a unit of y-axis to a unit of x-axis. The linearity of the slope is determined by regression
analysis. The R2 value of the linearity plot is found to be 0.98, which once again proves
that the data follows a linear trend (Figure 4.11). With this obtained slope, absorbance of
any fluorescein concentration in the selected range can be determined by extrapolating
the value in the graph. It is worth mentioning that the slope value obtained for this device
is a combination of molar absorptivity and the optical path length as well. Therefore, this
data is specific to the device layout that is employed for this experiment. In other words,
if other fluidic path length, say 6 mm or 2 mm are chosen, this linearity data will be
different for those device because the optical path length changes.
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Figure 4.11 Absorbance as a function of fluorescein concentration (concentrations are
chosen from 976 nM to 62500 nM). The linear fit indicates the regression analysis with
R2 value of 0.98. Error bars indicate standard deviation.

4.7 Conclusions
This chapter has demonstrated the successful fabrication of the microfluidic PDMS
housing of the proposed µTAC device. This portion occupies the major fabrication part in
the construction of the µTAC device. After the fabrication of PDMS housing, behavior of
the proposed microfluidic design with respect to the Beer-Lambert’s law is explained –
i.e., absorbance vary linearly with change in the concentration of the analyte for a
constant optical path length and molar absorptivity. It is clearly observed that the
absorbance variations, is linear with linear change in the fluorescein concentrations. This
characterization clearly demonstrates the potential of this design in optical studies.
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CHPATER 5
FABRICATION OF PEGDA WAVEGUIDE INSIDE THE µTAC

This chapter describes the fabrication of PEGDA waveguides inside the microfluidic
channel. The fabrication of PEGDA waveguides is the most important and the last step in
the construction of the µTAC device. As the whole project relies upon properties of
PEGDA as well, it is important to understand the process of its fabrication and its
properties as a waveguide. In addition, structural behaviors such as swelling and diffusion
properties are also analyzed in this chapter. This chapter concludes with a discussion of
the optical properties and absorbance results of the PEGDA waveguides.

5.1 Photomask Design for the PEGDA Waveguide Fabrication
Photomasks for this experiment are designed by the AutoCAD software. Figure 5.1
shows the AutoCAD design of the Photomask for the waveguide fabrication and the
corresponding printed mask from that design (Figure 5.1, Inset image). Here, the PEGDA
channel on the Photomask is designed as a rectangle that is placed in the center of the
mask. Dimensions of this rectangle are 400 microns in width and 10 mm in length
(Figure 5.1). It is important to apprehend the Photomask design to clearly understand the
fabrication process.
In the designed Photomask, the width is selected as 400 µm, i.e., 0.4 mm. The
width of the fabricated microfluidic channel is 1.85 mm. As shown in Figure 5.2, if the
Photomask is placed at the center of the device, 1.45 mm space is available for the
cladding liquid. This space is divided on both sides of the PEGDA waveguide as ~0.725
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mm. As the waveguide has twice the space on either side of the hydrogel, nutrient
delivery will be high even at the center of the hydrogel due to diffusion. Because of this
design, necrosis (cell death) due to insufficient nutrients is prevented inside the scaffold.
Thus, this width is chosen for the channel.

Figure 5.1 AutoCAD design of the Photomask to fabricate the PEGDA waveguide. Inset:
Image of printed waveguide-mask with the alignment signs.
The length of the channel is selected to be 10 mm so that it would be longer than
all the fluidic path lengths used in the later experiments. Hence, the 10 mm length not
only covers the entire fluidic path lengths of the channel but also eases the process of
alignment.
Ease of alignment brings the next important design of the channel, which is the
thick positive signs that are placed on both sides of the channel (Figure 5.1). These
positive signs are aligned with the positive signs on the fabricated PDMS housing (Figure
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5.3). These plus signs are designed in this mask in such a way that the PEGDA channels
are fabricated exactly at the center of the channel when these plus signs are aligned.

Figure 5.2 Schematic of the alignment of the PEGDA waveguide inside the microfluidic
channel along the axis of the channel. PEGDA occupies 0.4 mm leaving 1.45 mm for
cladding that is divided on either side of the PEGDA waveguide.
Thus, when the plus signs on the PDMS channel and the PEGDA waveguidephotomasks are aligned with each other, the middle rectangular portion of the mask,
which is meant for PEGDA fabrication, is automatically aligned with the optical readouts
in the device. It is important to note that in this process even a small misalignment will
cause the PEGDA waveguide to deviate from the optical path, causing a decrease or
anomalies in the outcome of the data. As a result, the alignment signs are among the most
important aspects in the mask design.

Figure 5.3 Alignment plus signs on the Photomask and the PDMS channel.
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5.2 Fabrication of Waveguides Using Photolithography
Waveguides are fabricated using a well-established photolithography method, which is
used for the SU-8 master fabrication. For this experiment, the first step is to irreversibly
attach fabricated PDMS channels to a glass surface after the plasma treatment. The
plasma treatment converts the surface of the glass to a hydrophilic surface. However, this
effect of the plasma on the surface of the glass is temporary and stays only for a short
period.
On the other hand, PEGDA waveguides need an anchoring inside the channel to
firmly attach to the surface of the glass. Note that, without any treatment on the surface of
the glass, PEGDA waveguides still attach to the surface of the glass. However, due to the
cladding liquid and swelling nature of the hydrogels, the bond between the PEGDA
waveguides and the glass surface becomes weak and may detach in the course of time.
Thus, treating the surface of the glass for the PEGDA attachment, before or after the
PDMS attachment, decreases the probability of PEGDA hydrogel’s detachment. Two
methods are used for treating the surface of the glass: one method is through treating the
surface chemically, which is a long lasting reaction and keeps the glass-surface active for
PEGDA attachments for a long time. Because of chemical residues on the surface of the
glass, this process will have toxic effects, which makes the device incompatible for
cellular studies. Therefore, in this study the surface of the glass is treated with a Corona
discharger. A small pin-like structure attached to the Corona discharger is inserted into
one of the inlet/outlet holes, which delivers a charge of plasma into the channel. Due to
the confined space inside the channel, the surface of the glass is treated within a few
minutes.
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The next important step is to prepare the PEGDA precursor solutions. As
discussed in Chapter 2, PEGDA precursor solution is prepared by adding 20% of w/v
PEGDA (Mn=700 g/mol) to PBS along with 0.5% of w/v photoinitiator (PI) (Irgacure
2959). Note that the PI solution takes a few minutes longer than the PEGDA to dissolve
in the PBS solution.
After the PEGDA precursor solution preparation, the solution is injected onto the
PDMS microfluidic channel with a pipette or a syringe (Figure 5.4). After injecting the
solution into the microfluidic channel, the channel is inspected for any possible bubbles
introduced into the channel during the injection. Removal of the bubbles from the
channel, if any, is important as they interfere and affect the outcome of the optical
readings.

Figure 5.4 Introducing the PEGDA precursor solution into the channel via the inlet/outlet
arms with a pipette.
After introducing the PEGDA precursor solution into the microfluidic channel, a
few drops of water are placed on top of the glass as shown in the Figure 5.5. These water
droplets help to hold the Photomask (PEGDA waveguide Photomask) during the
alignment on top of the glass slide (Figure 5.6). In addition, an ultra thin water drop
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between the mask and the glass slide helps to improve the collimation of UV light into
the channel.

Figure 5.5 A small drop of water is placed on top of the glass. In the bottom of the glass,
the microfluidic channel is attached. Inset image shows the top view of the channel with a
droplet on the glass slide.

Figure 5.6 Placement of mask on top of the liquid drop and aligned on top of the glass.
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After the mask is placed on top of the glass slide, the plus signs in the waveguidemask design are aligned with the plus signs in the PDMS channel. To achieve high
precision in alignment, a microscope is used. This process requires a great deal of
practice in order to achieve the desired results without a microscope. In addition, it is
important to check the alignment of both the plus signs with the PDMS channel to
achieve a proper placement of the PEGDA waveguides into the channel.
After the mask alignment with the PDMS channel, the whole setup is placed
under a UV lamp with the Photomask facing the UV lamp (Figure 5.7). After the PEGDA
hydrogel is fabricated inside the microfluidic channel, the un-crosslinked PEGDA
precursor inside the channel is removed using a vacuum or a pipette. As hydrogels need
to be always in a hydrated state in order to avoid dehydration, the same channel is filled
with a cladding liquid after the removal of the un-crosslinked solution.

Figure 5.7 Crosslinking of the PEGDA precursor solution under a UV lamp. The left
image shows the microfluidic channel with the waveguide mask aligned on the top of it.
The right image shows the exposure of the precursor solution under a UV lamp.
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Figure 5.8 PEGDA waveguides under different UV exposure time. a) Shows
photographs of PEGDA waveguides under a different range of over exposure. In
addition, red circle in the left-most image shows the effect of a bubble inside the channel
and b) Shows the microscopic image of the underexposed sample of the PEGDA
waveguide. The underexposed samples are hard to see with photographs and hence the
microscopic image is represented.
UV lamp parameters are optimized for better results before exposure. Initially,
before exposure, UV lamp is preheated for 30 seconds. Usual small-scale exposures are
carried out by focused UV lamp whereas this study employs a lamp that has a range of
light diameter that covers around 5 cm2 surface. In addition, UV warms up at a gradual
pace, i.e., switching on a completely cooled UV lamp will take 52 seconds to reach a
peak intensity of its UV power. Thus, samples exposed under completely cooled UV are
under-crosslinked (Figure 5.8b) whereas the samples exposed under a preheated UV yield
the desired results (Figure 5.9). Consecutive exposure of different samples under UV
within short intervals of time yields over-exposed samples (Figure 5.8a) because UV
light starts at its peak intensity value and the whole sample will be exposed under the UV
intensity that is more than actually required for polymerization.
Hence, these UV parameters are optimized before the experiment, which is
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mentioned in the Table 5.1. After optimizing UV exposure time and pre-heating time,
distance at which the samples are placed from the UV lamp is optimized (shown in the
Table 5.1). UV lamp that is used for this process has two power ranges (6.2 and 3.1
mW/cm2). Through out our study, 6.1 mW/cm2 is used.
Table 5.1 UV Parameter Optimization Trials and the Results of the Experiments
Trails

Exposure time
(Seconds)

Pre-heat time
(Seconds)

1
2
3
4
5

50
52
54
50
52

30
30
60
60
30

Distance from
the channel
(cm)
24
20
18
18
18

Result
Under exposed
Under exposed
Over Exposed
Over Exposed
Proper exposed

Figure 5.9 Microscopic image of the perfectly polymerized PEGDA waveguide
fabricated inside the microfluidic channel with the optical fibers embedded. Scale bar:
500 µm
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After the optimization, finalized UV parameters that are used for further
fabrication of the PEGDA waveguides are mentioned in the fifth trail of Table 5.1. In
conclusion, this study has discussed the various parameters to be optimized for the
PEGDA waveguide fabrication inside the channel and further reported the optimized
parameters (Figure 5.9).

Figure 5.10 Swelling percentage of waveguides is plotted against number of days. Error
bars indicate the standard deviation.

5.3 Swelling Study of the PEGDA Waveguide
Fabricated waveguides are in an aqueous surrounding and hence, swelling might be one
important parameter that might affect the optical properties of the waveguide. In this
study, swelling parameters of PEGDA hydrogels are observed in order to understand the
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dimensional stability of hydrogels in an aqueous environment inside the µTAC device.
Hydrogels are made of 90% water and hence, they have the capacity to absorb twice the
amount of water of their weight. However, in microscale-closed environments, swelling
properties of the hydrogels vary based on the various parameters such as the flow of
liquid inside the channel, temperature of the channel, dimensional properties of the
hydrogel and the number of days of incubation inside the channel. Therefore, the
swelling property of the PEGDA waveguide is studied both inside and outside the
channel.
5.3.1 Swelling Study Outside the Channel
To study the swelling of PEGDA hydrogels outside the device, 200 µl of PEGDA
precursor is placed on top of a glass slide and exposed to UV. This PEGDA structure is
collected inside a 24 well plate, immersed in PBS and incubated at 37 C in the presence
of 5% CO2. After 24 hours of incubation, PEGDA hydrogels are removed from the 24
well plate and weighed using a weighing machine (Denver Instruments). After the
weights of the swelled samples are recorded, they are placed inside a desiccator (aka
vacuum chamber) and dehydrated for several hours. After the samples are completely
dehydrated, weights of the dried samples are recorded. This process is repeated on day
two to record the swelling effect on consecutive days.
Swelling ratio outside the channel is found to be 3.3±0.05 whereas swelling
percentage of the PEGDA hydrogels is found to be 238±5% after 24 hours. Swelling
ratio/percentage is found to be the same after 24 hours of incubation. From this
experiment, it is concluded that the swelling of PEGDA hydrogels inside a bigger
chamber, with size in few mm, swells more than twice its original weight after 24 hours.
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5.3.2 Swelling Study Inside the Channel
PEGDA waveguides, fabricated inside the microchannel, are not possible to take out for
swelling measurements as they are fabricated inside the µTAC device (Figure 5.11). In
addition, weight of the PEGDA waveguide inside the channel, is significantly less
compared to the weight of the device and hence it is difficult to measure the weight of the
PEGDA waveguides. On that account, this study employs a different method to measure
the swelling of PEGDA waveguides inside the channel. The swelling of PEGDA
waveguides first affects the dimensions of the waveguides. The fabricated waveguides
are attached to a glass slide after treating with plasma. In addition, PEGDA waveguides
are sandwiched between the glass slide and the PDMS channel (Figure 5.11). Because of
this design, any dimensional changes due to the swelling, result in increase in the
dimensions of the waveguide’s width. These changes can be calculated using a
microscope.

Figure 5.11 Schematic of the sandwiched PEGDA waveguides between the glass and the
PDMS channel.

77

Three PEGDA waveguides are fabricated in three PDMS channels. These samples
are incubated at 37 C with 5% CO2. Dimensions of the waveguides are recorded before
incubating and after incubating (for 24 hours). Dimensional changes of the PEGDA
waveguides are recorded consecutively for seven days.
The swelling of PEGDA waveguides inside the channel are recorded as the
measure of length and width variations. After 24 hours incubation, PEGDA hydrogels are
found to be 2.3% swelled from the initial dimensions (only in width). After 24 hours,
dimensions of the waveguides did not change until day seven (Figure 5.10). Oneway
ANOVA analysis with Tukey’s post hoc shows that the dimensional changes of the
PEGDA waveguides from day 0 to day 7 is insignificant (p>0.5). The dimensional
changes in the waveguides occurred only in the width (in perpendicular axis to the
channel) whereas the length of the waveguide is found to be constant from day 0 to day 7.
In addition, inside the microfluidic channel, swelling can affect only the width as all the
other sides are locked by PDMS and glass.
Although, 2.3% of swelling is observed in the waveguide, this is insignificant
compared to the range of wavelength operated in this optical study. Absorbance result of
the waveguides after 24 hours incubation showed insignificant change in the value
(results not shown) proving that the swelling does not affect the final absorbance value.

5.4 Diffusion Study Inside the PEGDA Waveguide
Absorbance readings from the PEGDA waveguide are taken immediately after
fabrication. However, after the cladding liquid replaces the un-crosslinked PEGDA, due
to porous structure of the waveguides, the cladding liquid diffuses into the waveguides.
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This phenomenon affects the readings that are taken within few minutes after the
cladding liquid is filled in the channel.
To record the time for complete diffusion of the cladding liquid from one side of
the PEGDA to the other side, this study calculates the absorbance of the waveguide in the
channel for every minute until the absorbance value is stabilized (Figure 5.12). Same
setup that is discussed in Chapter 4 is used to measure the absorbance value of the
PEGDA waveguide. Briefly, two optical fibers are connected to the microchannel where
one is to send the light and other is to receive the light/send it to the detector (Figure 5.9).

Figure 5.12 Absorbance variations as a function of wavelength at different time points
during the diffusion of the cladding through the PEGDA waveguide.
Recorded absorbance values are plotted as a function of time and the trend in the
absorbance change with time is observed (Figure 5.13). From these results it is concluded
that the diffusion of the cladding liquid is stabilized after ~18 minutes. To be on the safer
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side, in further experiments, absorbance readings are taken 20 minutes after the cladding
liquid is introduced. It is also worth to note that the critical peak of the waveguides is
observed at 560 nm wavelength. Optical observations of the waveguides are discussed in
further subsections. The completely diffused cladding inside the PEGDA waveguide is
shown in Figure 5.14.

Figure 5.13 Absorbance as a function of time for the diffusion of cladding liquid through
the PEGDA waveguides. Error bars indicate standard error.

5.5 Optical Observation
The diffusion study data is further analyzed in order to understand the behavior of
waveguides in an optical study. Here, after the fabrication of waveguides, DMEM
medium (cladding liquid) replaces the remaining un-crosslinked PEGDA precursor
solution in the channel. DMEM medium, with complete supplements such as penicillin-
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streptomycin and fetal bovine serum (FBS), is selected as the cladding liquid because in
further experiments, cells are encapsulated in the waveguides and DMEM is imminent
for the nutrient supply. For this study, PBS is used as reference spectrum/blank because
the precursor solution is prepared in the PBS solvent.
From Figure 5.12, absorbance before changing the cladding liquid have a clear
peak around ~560 nm wavelength and a distorted peak around ~400 nm wavelength. As
the range of the light source varies from 200-1100 nm wavelengths, appearances of these
peaks are assumed to be the result of the absorbance of PEGDA waveguides.

Figure 5.14 PEGDA as a waveguide inside the channel exposed under white broad-band
light after complete diffusion of the DMEM medium. Color of DMEM medium is red
and it can be observed that after the complete diffusion of cladding, waveguide color is
also red (near the detection end).
To confirm this assumption, these results are analyzed with changes in the peak
with respect to the blank spectrum. As the reference spectrum is PBS and the absorbance
from the reference spectra is nullified (i.e., set to zero) during the experiment, any
changes further in the absorbance spectra are because of the waveguides. As the
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fabricated waveguides are present in the path of light and confines most of the light
inside them, the aforementioned assumption that the peak at ~560 nm and ~400 nm are
the results of absorbance of the waveguide, can be confirmed. If the absorbance of PBS is
set to zero, any absorbance stronger than the PBS has to result in positive absorbance
value, i.e., higher absorbance than PBS. However, at ~560 nm wavelength, absorbance of
the waveguides are found to be in negative, which indicates that the absorbance of light
passing through the waveguide are weak compared to PBS. On the other hand, the
understanding that denser materials absorb more than the transparent liquid contradicts
the results. As a result, these absorbance peaks at ~560 nm is understood in different
perspective that when the reference spectra i.e., PBS is used, ratio of the light sent in to
the channel and the light received by the detector is low. Presence of the waveguide
confines more light in its path and thus increases the amount of light that reaches the
detector. This phenomenon increases the amount of light that reaches detector as well as
carries the information of the substance that are present inside the waveguides. The latter
is explained by observing the change in the absorbance value when the cladding liquid is
changed. This is because the only parameter that is changed inside the waveguide is the
diffusion of the medium after introducing the cladding. This assures that the optically
detectable information inside the waveguide can be detected with this µTAC device. Note
that the ~400 nm peak increased as the amount of diffusion increases and hence it can be
concluded that the ~400 nm peak corresponds to the phenol red in the DMEM medium.
This narrows down to the conclusion that the waveguide peak is observed around ~560
nm wavelength.
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5.6 Conclusions
The porosity and the dimensional stability of PEGDA waveguides affect the structural
properties of the waveguides. Therefore, optimizing or understanding those structural
details, during the course of experiment period, is important in order to obtain consistent
results.
This chapter has discussed in detail about the fabrication process of the PEGDA
waveguides inside the microfluidic channel and the optimization of UV parameters for
efficient fabrication of the PEGDA waveguide. In addition, structural properties of the
waveguides such as swelling and permeability are also discussed in order to understand
their influence on the optical properties of the waveguides
UV parameters govern the crosslinking and the extent of reaction of PEGDA
waveguides. Even a few extra seconds exposure under UV, may lead to over-crosslinked
samples. In addition, UV heat can be transferred to the adjacent molecules during the
polymerization, because of which UV-masked areas in the PDMS channels, which are
not supposed to be polymerized, will be polymerized due to over exposure. This leads to
an irregular waveguide structure inside the channel. Experimentally, these UV parameters
are optimized to obtain the desired polymerization results. In addition, cells, if exposed
under UV for a long time, will enter necrosis cycle and because of that a higher viability
cannot be achieved. Therefore, the shorter UV exposure is adopted and optimized to
benefit the further cellular studies with the µTAC device
The optical nature of PEGDA waveguides is also analyzed in detail through the
diffusion results. From this analysis, it is concluded that complete diffusion of the
cladding liquid takes ~18 minutes inside the µTAC device. In addition, from this data, it
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is also observed that the peak of the waveguide is observed around ~560 nm wavelength.
Overall, this study employs PEGDA to demonstrate that the hydrogels can be
used as an efficient waveguides as well as scaffolds. This facet of hydrogels can be
adopted widely to encapsulate cells and can as well act as an optical communicator for
the encapsulated cells via an external light source carried by a simple thin strand of
optical fiber. In addition, PEGDA hydrogels are a porous polymer network, which acts as
a support for the cells to grow in a three-dimensional microenvironment that facilitates
the exchange of small nutrient molecules such as oxygen, glucose and protein, etc.
After the fabrication of PEGDA waveguides inside the microfluidic channel, the
fabrication process of the µTAC device is completed. The upcoming chapters focus on
testing the light collection efficiency and the sensing efficiency of the device.
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CHAPTER 6
APPLICATION OF THE µTAC IN FLUORESCEIN ABSORBANCE
MEASUREMENTS

This chapter discusses the sensing efficiency of the µTAC device with PEGDA
waveguides. For initial sensing applications, varying concentrations of fluorescein are
encapsulated inside the PEGDA waveguide and the corresponding absorbance is
measured in order to test the Beer-lambert’s law. In addition, the relationship between the
absorbance and the optical path length of the PEGDA waveguides inside the µTAC
device is also discussed. The light collection efficiency of PEGDA waveguides is
determined through comparison study with control groups along with the determination
of limit of detection (LOD) and the sensitivity for each of the path lengths selected.
Furthermore, O2 quenching effect of the PDMS channels during photo-polymerization is
also analyzed.

6.1 Objective
Structural properties of the PEGDA waveguides are discussed earlier in Chapter 2 where
the porous structure of PEGDA and dependency of their optical properties on these
porous structures are explained in detail. This porosity of the waveguides is one of the
important features because it helps water/ions to flow in and out of the hydrogel matrix.
In addition, porosity governs the scattering of light and the confinement of light inside
the waveguides. Hence, changing the porosity via manipulating the shape and structure of
the waveguides through the fabrication process facilitates the incorporation of desired
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light guiding properties in the waveguides.
Beer-Lambert’s law (BL law) (Chapter 4, Equation 4.3), states that the
relationship between the absorbance and the optical path lengths is directly proportional.
Although most of the optical systems obey the BL law, some optical system will have
various parameters that affect the absorbance of light, causing a deviation in BL law96.
Besides, in a system with optical waveguides, light waves that are entering the
waveguides above the critical angle are confined inside the system whereas waves below
the critical angle escapes into the cladding. This phenomenon leads to the fading of TIR
phenomenon inside the waveguide with increase in the optical path length. Here, if the
reflected light waves inside the waveguide meet the waveguide (core)/cladding boundary
again at an angle that is below the critical angle, they will escape into the cladding. In this
assumption, decay of the confined light in the waveguides increases with increase in the
optical path length, which results in the increase of absorbance. This phenomenon is in
complete agreement with the BL law. However, the diffusion of the cladding liquid
through the waveguides might facilitate the diffusion of the encapsulated analytes away
from the waveguide. Therefore, in order to analyze and validate any possible deviations
from the BL law in the proposed system, this experiment performed an absorbance
analysis for varying optical path length as well.
Mask designs discussed in Chapter 4 have two collimating lenses and two optical
fiber provisions placed on both sides of the microfluidic channel. The distance from the
optical fiber provision to the microfluidic wall of the channel, in the fabricated device, is
fixed as ~1188 µm on both sides (Figure 6.1). This distance, on both sides, is kept
constant and only the microfluidic path length is changed to 2 mm, 4 mm, 6 mm and 8
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mm. In the further subsections, absorbance analyses of the waveguide with varying path
lengths are discussed.

6.2 Procedure for Fluorescein Encapsulation in Waveguides
In this experiment, to understand the relationship between the absorbance and the optical
path length, four different optical path lengths are selected: 2 mm, 4 mm, 6 mm and 8
mm. In each optical path length, a range of fluorescein concentrations are encapsulated
inside the waveguide and the corresponding absorbance values are measured. As both of
the optical path lengths and the fluorescein concentrations are varied, the resulting
absorbance values will help us understand the relationship between absorbance and
optical path lengths as well as absorbance vs. analyte concentrations.
In Chapter 4, it is discussed in detail about the characterization of the microfluidic
channel of the µTAC device with fluorescein, in the absence of PEGDA waveguides.
From this characterization data, the range of fluorescein concentrations are chosen in
which the device showed linear changes in the absorbance value. For this study, the
selected fluorescein concentration ranges from 15.625 µM to 250 µM. Fluorescein disodium serial dilutions are prepared with DI water in ½ ratio.
The PEGDA precursor solution is prepared as discussed in Chapter 5 and Chapter
2. Briefly, 20% of w/v PEGDA 0.7 kDa is dissolved in PBS along with 0.5% w/v
photoinitiator (Irgacure 2959). In this study, six identical precursor solutions are prepared
and to each solution, one concentration of fluorescein is added. One of the precursor
solutions is used as a blank without fluorescein. Thus, six different PEGDA precursor
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solutions with varying concentrations of fluorescein and without fluorescein are prepared
as follows:
•

15. 625 µM fluorescein + PEGDA

•

31.25 µM fluorescein + PEGDA

•

62.5 µM fluorescein + PEGDA

•

125 µM fluorescein + PEGDA

•

250 µM fluorescein + PEGDA

•

0 µM fluorescein + PEGDA.

Triples of PEGDA waveguides are fabricated inside the µTAC device with these
precursor solutions.
In the Photomask design as shown in Figure 6.2, only the fluidic path length is
changed and other measurements are kept constant (please refer to Chapter 4 for detailed
design of the Photomask). Four Photomasks are designed in AutoCAD software for the
fabrication of SU-8 master (Figure 6.2). Table 6.1 shows the optical path length and the
fluidic path length for all the four designs. It is necessary to mention that the dimensions
mentioned in the Table 6.1 represents the dimensions of the initially designed Photomask.
Irrespective of the precision of the experiment, the dimensions will have a slight variation
in the final measurements of the device. Due to fabrication errors and manual errors,
slight discrepancies may occur with the waveguide as well as with the device
measurements. Nevertheless, it is worth to note that the differences in the measurements
from the mask design to the final device are minimal and hence does not affect the optical
setup of the device.
The fabrication of waveguides is performed as previously explained in Chapter 5.
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Briefly, the PEGDA precursor solution is introduced into the PDMS microfluidic channel
using pipette or syringe and exposed under UV light with an appropriate Photomask.
PEGDA waveguides are fabricated in the center axis of the channel.

Figure 6.1 Microscopic image of the collimating lens and the optical fiber provision in
the fabricated device. The length between the optical fiber-insert and the microfluidic
wall measures ~1188 µm in the device.
Table 6.1 Features of µTAC Device for Different Optical Path Length
Label
Volume of PEGDA (mm^3)
Optical Path length (µm)
Fluidic Path length (µm)

2 mm
0.189
4376
2000

4 mm
0.389
6376
4000

6 mm
0.589
8376
6000

8 mm
0.789
10376
8000

In Chapter 5, it is explained that the waveguide mask is 10 mm in length, which is
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higher than all the fluidic path lengths of the channel. This length is chosen to ease the
alignment process. These alignment plus signs, placed in the PDMS channel, are
maintained in the same position for all the fluidic path lengths. Therefore, the waveguide
mask (that covers the entire fluidic path length), with the alignment signs matching the
PDMS channel, eases the waveguide fabrication process. In addition, even a small
mishap in the plus sign alignment in the plane parallel to channel’s central axis will not
affect the waveguide’s position in the channel. Even though the 10 mm length covers the
whole fluidic path length, a thin layer of the precursor solution is un-crosslinked near the
PDMS walls, which creates a small gap between the PDMS and the PEGDA surface
(Figure 6.4). This phenomenon is further analyzed in the upcoming subsection.

Figure 6.2 Printed Photomasks of 2 mm, 4mm, 6mm and 8 mm fluidic path lengths for
fabrication of SU-8 master.

6.3 O2 Quenching Interface Analysis
In this design, the PDMS microfluidic channels have a huge impact on the fabrication of
the PEGDA waveguide fabrication process via the O2 quenching effect97. PEGDA
waveguides are fabricated via free radical polymerizations. In this process, light-sensitive
photo-initiators will generate highly reactive free radicals under the UV light. These free
radicals will attack the double bonds in the PEGDA monomers and initiates the
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polymerization in the monomeric liquid. During the process of photo-polymerization,
oxygen molecules present in the surrounding air diffuse freely into the porous structure of
the PDMS. These oxygen molecules that are diffused into the PDMS channel have the
ability to react with the free radicals and form peroxide molecules. These peroxide
molecules will act as a chain terminator and inhibit the photo-polymerization process
near the PDMS walls, creating an interface near the walls of the PDMS (Figure 6.3,
interface 4). As the oxygen flow through the PDMS pores is constant throughout the
polymerization process, the quenching effect continues until the end of the process. This
O2 quenching effect leaves a thin layer of un-crosslinked PEGDA precursor near the
PDMS walls (Figure 6.4).

Figure 6.3 Number of interfaces that the light passes through in the device. The Interface
4 indicates the O2 quenching gap in the device.
However, the O2 quenching gap between the PEGDA and the PDMS walls works
in the favor of this study because the cladding liquid now will covers the entire PEGDA
waveguide in all the sides except the bottom portion. Note that this quenching gap also
leaves a thin gap between the top wall of the waveguide and the PDMS channel. In the
absence of this O2 quenching gap, waveguides at the center of the channel will act as a
wall. Thus, the cladding liquid has to be introduced from both sides of the channel.
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Despite, the presence of O2 quenching gaps facilitate the flow of cladding liquids from
one side of the waveguide to the other, which eases the process of introducing the
cladding liquid.

Figure 6.4 Microscopic images of the PEGDA waveguide with the O2 quenching gap
between the PEGDA and the PDMS wall.
However, the gap between the PEGDA and the PDMS wallS introduces another
interface in the path of light (Figure 6.3 and 6.4). Light losses in these interfaces, present
on both sides of the waveguide, also contribute in the absorbance spectra. Therefore, the
length of this interface has to be analyzed in order to make sure that for the varying path
lengths, the O2 quenching interface is not changing significantly. This analysis is
important because if the O2 quenching interface increases with the increase in path
lengths, absorbance spectra will be affected, which will lead to un-reliable absorbance
outcomes.
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The lengths of the O2 quenching interface layers are measured under the
microscope. One example of the quenching gap is represented in Figure 6.4. From this
figure, a uniform gap between the PDMS and the PEGDA is observed. This quantitative
measurement is extended by measuring the length of the gap between the PEGDA wall
and the PDMS wall in three samples for statistical significance. Measurements of the O2
interface length plotted as a function of varying optical path lengths show that the
quenching gaps are similar in all the path lengths (Figure 6.5). As the length of the O2
interface near the PDMS walls are almost constant, it is assumed that the gap near the top
wall of the waveguide is also in the same range. These gaps are also considered in the
calculation of PEGDA waveguide volumes that are mentioned in Table 6.1. As
mentioned earlier in this chapter, such phenomenon that occurs during the fabrication
affects the final measurements of the waveguide and the device. Before the absorbance
measurement, this research optimized the major dimensional changes in the device.

Figure 6.5 Graphical representation of the O2 quenching gap lengths in µm for all the
optical path lengths. Error bars indicate standard deviation.
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6.4 Diffusion Study of Fluorescein
Fluorescein molecules are not chemically linked with PEGDA waveguides. As a result,
after the fabrication or during the fabrication, fluorescein may diffuse from the
waveguide into the cladding liquid, which will change the final absorbance value. Thus,
after the fabrication of waveguides with the least concentration of fluorescein solution
(15.625 µM fluorescein with PEGDA), they are observed under the microscope for the
diffusion of fluorescein for 20 minutes (after the cladding liquid is introduced).

Diffusing Fluorescein

Figure 6.6 Microscopic images of the entrapped fluorescein solution inside the
waveguide (in µTAC device). The left image shows the waveguide with un-crosslinked
precursor and the right image shows the waveguide after the cladding liquid replaces the
un-crosslinked solution.
Figure 6.6 shows the fluorescein compound inside the PEGDA waveguide before
and after the cladding liquid change. It can be seen from Figure 6.6 (right image) that a
small amount of fluorescein is escaping towards the outlet valve. However, this diffusion
is observed during the replacement of the un-crosslinked precursor with the cladding
liquid. As a deduction, this small volume of fluorescein diffusion can be concluded to be
because of the force with which the cladding liquid is introduced into the channel that
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replaces a meager concentration of fluorescein from the waveguide. 20 minutes after the
cladding liquid is introduced, fluorescein compounds are observed to be not diffusing out
of the waveguide. This can be explained by the fact that the cladding liquid inside the
microfluidic channel exerts no external pressure in order to facilitate a major diffusion of
the fluorescein compound. Besides, when compared in microscale, the fluorescein
compound has similar density (~1.602* 10-3 g/µl) as PBS (~1.0 10-3 g/µl) and hence,
diffusion due to the density gradient factor is also insignificant or occurs at an evidently
slow rate. Thus, the absorbance of fluorescein molecules can be determined before the
diffusion of fluorescein starts to significantly affect the outcome.

6.5 Absorbance Results and Discussion
Absorbance values of fluorescein concentrations are measured with previously described
setup in Chapter 4. Briefly, absorbance of fluorescein is analyzed via the multimode
optical fiber connected on both ends of the channel. For this study, a monochromatic light
emission diode (LED) light source (λ= ~455 nm) is used to excite the fluorescein
molecules as the wavelength of the light source matches with the excitation wavelength
of the fluorescein compound.
Absorbance values of the fabricated waveguides, without fluorescein molecules,
are recorded as reference spectra because the signal from the fluorescein molecules can
be observed more clearly without the interference of the waveguide. After the reference
spectrum is recorded, fluorescein concentrations from 15.625 µM to 250 µM are
encapsulated inside the waveguide and the intensity data are recorded (Figure 6.7). This
intensity data is used to calculate the absorbance for each of the fluorescein concentration
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in different optical path lengths with Equation 4.4 (Chapter 4). Absorbance values of the
fluorescein are calculated at 454 nm wavelength, which is the center of the working
wavelength range. The detailed rational for choosing this wavelength is explained in
Chapter 4. It is worth mentioning that the fluorescein molecules emit light in 4π
steradians and thus not all lights will be confined inside the waveguide. Light rays that
are in appropriate angle for the TIR to occur will only contribute to the final absorbance
signal.
The calculated absorbance is plotted against the concentration of fluorescein for
all the optical path lengths (Figure 6.8). From Figure 6.8, it can be observed that with
increase in the optical path length, the absorbance of fluorescein increases. However, 4
mm optical path length is considered as an outlier because its absorbance value decreases
compared to 2 mm, instead of increasing. Note that the optical path lengths mentioned
here only indicates the change in the fluidic path lengths of the channel.
Absorbance values from all the optical path lengths are plotted as a function of
fluorescein concentration for quantitative analysis (Figure 6.8). From these results, it is
observed that the µTAC device with the PEGDA waveguide obeys BL law. This
conclusion is derived from the observations that with a constant path length, the
absorbance values are varying linearly with increase in concentration and for a constant
fluorescein concentration; absorbance is increasing (except 4 mm) with increase in the
optical path length. For the higher concentrations of fluorescein (after 62.5 µM), change
in the absorbance values is found to be non-linear compared to the lower concentrations
of fluorescein. Hence, it is found that the µTAC device, with waveguide, is linear for a
different range of fluorescein concentrations for different optical path lengths.
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Figure 6.7 Intensity measurements of fluorescein as a function of wavelength for a range
of fluorescein concentrations for all the optical path lengths.
In addition, regression analysis is performed for all the optical path length’s
absorbance data and the list of R2 values as well as linearity equations are mentioned in
Table 6.2. From this regression analysis, it is deduced that the change in absorbance is
almost linear over a range of fluorescein concentrations. On the other hand, for increasing
optical path lengths, a distinguishable increase in the absorbance signal is observed
(except 4 mm). These results prove that the waveguide integrated inside the proposed
device is obeying Beer-Lambert’s law.
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Figure 6.8 Absorbance as a function of fluorescein concentration is plotted for all the
optical path lengths. Dotted lines indicate linear fit (data shown in Table 6.2). Error bars
indicate standard deviation.
From the light profile between 2 mm, 4mm and 8mm (Figure 6.9), the anomaly of
4 mm optical path length can possibly be explained by the TIR phenomenon. As it can be
seen from Figure 6.9, 4 mm has a higher light profile at the end of the waveguide, near
the receiving end, whereas 2 mm and 8 mm light profiles are stronger near the excitation
end and weaker near the receiving end. Although, the optical path length is defined by the
geometry, the actual path length the light that travels inside the waveguides is higher
because of TIRs. Thus, 4 mm anomaly could possibly be occurring because the light
reflected off the walls of the waveguides converges near the end of the waveguide and
before the light waves are diverged again, it is directed outside the waveguide, to the
receiving end of the optical fiber. Thus, the convergence point of the light has a higher
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intensity and hence leads to a lower absorbance measurement. This data is explained only
qualitatively through observation of the light profile inside the waveguide.

Figure 6.9 Light profile for the 4 mm, 2mm and 6 mm waveguides inside the µTAC
device. The light source is a broadband white light.
Table 6.2 Regression Analysis Data Along with LOD for All Optical Path Lengths
Path
length of
PEGDA
waveguide
2 mm
4 mm
6 mm
8 mm

Linear Fit
A=0.0047x-0.0076
A=0.0018x+0.068
A=0.0066x+0.2691
A=0.0056x+0.2691

Standard
Sensitivity
Error of
(µM)
Intercept
0.0047
0.0018
0.0066
0.0056
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0.003646667
0.044016667
0.203016667
0.146263333

R^2

LOD (µM)

0.9998
0.8842
0.8972
0.8479

2.54±0.74
91.25±9.93
109.71±8.66
101.91±13.28

6.6 LOD and Sensitivity Measurements
This research took advantage of the results from these experiments and found the limit of
detection (LOD) and the sensitivity for all the optical path lengths in order to choose one
optical path length to test the bio sensing application of the µTAC with cellular studies.
Limit of detection (LOD) is defined as the least concentration detectable by the
device that can be distinguished from the background signal. International union of pure
and applied chemistry (IUPAC) defines LOD with 3σ rule98, which is as follows:

𝐿𝑂𝐷 = 3.3 ∗

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

(6.1)

Standard error of the intercept for the each optical path length is found from the
regression analysis of the samples (Table 6.2). Slope from the linear fit of the absorbance
data yields the sensitivity for each of the path length. Slope is calculated from the
Equation 6.2.

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =

∆𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
∆𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

(6.2)

Absorbance values and LODs of all the optical path lengths are listed on Table
6.2. Oneway ANOVA and Tukey’s posthoc analyses show that the LOD of 2 mm is
significantly lower (p<0.0001) compared to all the other optical path lengths (Figure
6.10). Although, 4mm, 6mm, and 8 mm LOD data are not significant to each other
(p>0.5). Further, regression analysis (Table 6.2) shows that the R2 value of the linear fit
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for 2 mm optical path length is higher comparatively. R2 values of 4 mm, 6 mm and 8
mm are found to be below 0.9, which indicates the deviation in linearity of the data. In
addition, sensitivity (Table 6.2) of 2 mm optical path length is comparatively higher and
near to the highest sensitivity value (6 mm) among the chosen path lengths. Thus, based
on LOD, sensitivity and linear fit analysis, 2 mm is chosen for further cellular studies.

Figure 6.10 Limit of detections of the fluorescein in µM is plotted for all the optical path
length. Stars indicate the statistical significance (p<0.0001) compared to 2 mm path
length. Error bars indicate standard deviation.

6.7 Control Study
From the above experiment, the light collection efficiency of the µTAC device is proved
to obey the Beer-lambert’s law with one outlier value. Besides, it can be concluded that
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the 2mm optical path length with the PEGDA waveguide clearly shows a linear variation
in the absorbance data with change in fluorescein concentrations. Regression analysis
data shows that the linear fit has a R2 value of 0.98. However, the light collection
efficiency of the waveguide can be completely understood if the same concentration of
fluorescein is tested without the waveguide (Control). This control study is performed in
order to understand the light collection efficiency of the µTAC device with waveguides.
Results of this experiment will yield information about the increase in the absorbance
signal in the presence of the waveguide.

Figure 6.11 Absorbance values plotted as a function of concentrations of fluorescein in
the presence of the waveguide and control (no waveguide). Stars indicate significance
compared to control study of that concentration (student t-test analysis). Absorbance data
are collected with 2 mm path length device. Error bars indicate standard deviations.
For this experiment, DI water is used for the reference spectrum measurement
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because fluorescein stock solution is diluted in DI water. After recording the reference
spectrum, intensities of fluorescein concentrations are recorded for the same range of
fluorescein concentrations (15.625 µM to 250 µM) and from this intensity data,
corresponding absorbance values are calculated (Equation 4.4, Chapter 4). From Figure
6.11, it can be observed that the 2 mm is linear for the given range of fluorescein without
the waveguide as well. In addition, in the presence of a waveguide, fluorescein
absorbance is clearly increasing compared to no waveguide inside the device (Figure
6.11). For every fluorescein concentration, student t-test is performed between the
waveguide and the control (no waveguide) in order to find significance in the data. For
higher concentrations of fluorescein, absorbance signals are significantly enhanced in the
presence of waveguide with p<0.0001. Lower concentrations of fluorescein is found to be
significant with p<0.05 and 0.005 whereas the two least concentrations of fluorescein is
found to be almost equal without and with the waveguide inside the device. During the
waveguide fabrication, the encapsulated fluorescein undergoes possible light bleaching
because of the UV exposure. This bleaching will not affect higher concentrations of
fluorescein but possibly could have a significant effect on the lower concentrations of
fluorescein. This phenomenon explains the insignificant change in the absorbance signal
for the least fluorescein concentrations in the presence of a waveguide. Overall, from this
control study, it is demonstrated that the presence of PEGDA waveguides inside µTAC
devices obeys BL law and also delivers desirable optical functions of transmitting light
from an external source through the waveguide to the detector by carrying information of
the analyte or the sample encapsulated inside the waveguide.
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6.8 Conclusions
The first sensing test with the proposed µTAC device is conducted by entrapping
fluorescein molecules inside the waveguides. From these results, it is proved that by
increasing the optical path length of the device, absorbance increases, which is in
accordance with the BL law. Although the results are linear for all the optical path
lengths, it is also observed that each path length has respective range of concentration to
behave linearly. Sequentially, higher optical path lengths tend to curve for higher
fluorescein concentration whereas the lower path length (2 mm) is found to be linear for
higher concentration of fluorescein as well. However, significant change in the
absorbance signals for the varying optical path lengths prove that the path length of the
device can be tailored in order to obtain a desired optical property that are specific to a
function. For instance, applications that require higher sample numbers can employ 8 mm
path-length device for optical sensing applications as it is also proved to be linear with
respect to change in analyte concentration. Thus, with appropriate range of fluorescein
concentration, every path length in the µTAC device can be proven to obey BL law. On
the other hand, comparing the absorbance results of fluorescein inside the waveguide
with the absorbance in the absence of waveguides clearly prove that waveguides enhance
the absorbance signals by few folds.
In overall conclusion, this study demonstrated that the proposed µTAC devices
are suitable for optical sensing applications with the integrated waveguides. The design
details of this device such as the optical path length or the cladding liquid with much
lower refractive index can be manipulated in order to incorporate desired optical
functions in to device. In addition, from the control study, it is proved that the presence of
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the waveguides increases the signal significantly. This increase in the signal in the
presence of 3D waveguides proves to be potent for sensing applications.
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CHAPTER 7
APPLICATIONS OF µTAC IN CELLULAR STUDIES

In this chapter, the use of the proposed µTAC device with integrated 3D PEGDA
waveguides for sensing of cells and their activity are discussed. Applications of the
µTAC device with the 3D PEGDA waveguides in sensing non-cellular fluorophore are
discussed elaborately in Chapter 6 along with the limit-of-detections and the sensitivity
analysis. This chapter demonstrates the ability of the proposed µTAC device in cellular
studies. Initially, cell density changes inside the waveguides are measured. Measuring the
cell viability change inside the waveguide with a constant cell number is discussed. Later,
the cell viability experiment is extended to employ the proposed device in long-term
monitoring applications. Summarizing the results and experimental evaluations of these
experiments in the cellular studies concludes this chapter.

Figure 7.1 Microscopic image of the encapsulated cells inside the PEGDA waveguides
with 2000 kCells/ml. Scale bar: 500 µm.
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7.1 Procedure for Cell Encapsulation in Waveguides
Sensing applications of the µTAC device in cellular studies are tested by encapsulating
the fibroblast j2 3T3 cells in the PEGDA waveguides (Figure 7.1). Fibroblast cells are
chosen for this study because of their robustness and ease to grow. Fibroblast cells,
cultured for this study, are chosen from a low passage number in order to have reliable
results. To the PEGDA precursor solution, passaged cells are added with varying cell
densities and absorbance values of the resulting waveguides are immediately recorded.
7.1.1 Precursor Solution Preparation with Varying Cell Concentration
J2 3t3 cells are cultured in a cell culture compatible 25 cm2 flask (Falcon) and maintained
inside the incubator (Thermo Scientific) at 37 C supplemented with 5% CO2 and cell
culture medium (Dulbecco’s modified eagle medium (DMEM, ATCC) supplemented
with 10% of Fetal bovine serum (FBS, ATCC) and 1% of penicillin and streptomycin
(ATCC)). At 80% confluence, cells are passaged using trypsin (ATCC) and are
centrifuged at 700g for 5 minutes. The centrifuged cells are collected in 1 ml of cell
culture medium. Cells in the culture medium are calculated using the Hemotocytometer
and the tryphan blue. A stock solution of 2 million cells/ml is prepared in the cell culture
medium. Stock solution is serial diluted in the ratio of 1:5 and five different cell
concentrations are achieved (as follows):
• 3.2 kcells/ml
• 16 kcells/ml
• 80 kcells/ml
• 400 kcells/ml,
• 2000 kcells/ml.
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The serial diluted cells are centrifuged again and the supernatant is removed, leaving the
cell pellet in the centrifuge tube. After the preparation of cells, 20% PEGDA precursor
solutions are prepared as previously described in Chapter 3. The prepared PEGDA
precursor solutions are sterilized using syringe filters.
To the five different cell pellets, 1 ml of sterilized 20% PEGDA (0.7 kDa)
precursor solution is added to obtain PEGDA precursor solutions with five different cell
densities. The passage number of cells chosen for this study is less than 10 unless
otherwise mentioned.
In the precursor solution, no adherent proteins like RGDs are added because cells
are tested for absorbance within 20 minutes after they are encapsulated. This eliminated
the need of cell attachment to the PEGDA hydrogel.
7.1.2 Device Preparation and Cell Encapsulation
In this study, the µTAC devices are fabricated in a bench-top lab environment. Due to the
unsterilized environment, probability of cell contaminations inside the fabricated PEGDA
waveguides is high. Although the cells are immediately analyzed, any possible
contamination affects the absorbance analysis inside the device. Therefore, all the µTAC
devices are sterilized for cellular studies, after the fabrication.
For the sterilization of PDMS and glass channels, the fabricated PDMS channels
and the glasses are treated with 70% ethanol. Immediately after the ethanol treatment, the
PDMS channels are bonded to the glass slides using plasma treatment. Plasma treatment
is followed by 5 minutes of UV exposure to further sterilize the device. The treated
devices are stored in a sterile environment under the UV lamp inside the cell culture
hood.
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The PEGDA waveguides are fabricated inside the microfluidic channel as
previously described in Chapter 5. This study employs the 2 mm optical path length
device because of the advantages mentioned in Chapter 6. In this experiment, except for
the UV exposure part, all the other steps are performed under the cell culture hood in a
sterile environment. Three samples from each of the PEGDA precursor solution are
fabricated inside the device. In this study, triplets of the PEGDA waveguides are also
fabricated to record the reference spectrum. The PEGDA waveguides with encapsulated
cells are called cell-laden waveguides in the further subsections.

7.2 Absorbance Vs. Cell Density Analysis
Using the previously mentioned optical setup, absorbance values of the cells are
measured. This study employed a broadband white light with the wavelength ranging
from 200-1100 nm and multimode, 200 µm diameter optical fibers for the absorbance
measurement. The integration time is set to be 30 ms and the absorbance data is recorded
as an average of 10 consecutive scan. Cells, encapsulated inside the PEGDA waveguides,
are unlabeled (have no known fluorophore or fluorescent proteins).
Initially, a reference spectrum is recorded with the PEGDA waveguides without
cells. A rationale for this reference spectrum is that the absorbance of PEGDA hydrogels
masks the signal from the cells. Therefore, this reference spectrum helps to eliminate the
signals from the waveguides and delivers only the absorbance signals from the cells.
Every cell type has different cytoplasmic contents that lead to different optical
properties for each cell type. In addition, cells have different refractive index profile in
the nucleus (1.35-1.36) and in the cytoplasm (1.36-1.39)99. Because of the difference in
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refractive index profile, cells scatter and attenuate light waves inside the waveguides. In
this study, varying concentrations of the cells, in the precursor solution results in varying
cell numbers inside the waveguides.
Absorbance spectroscopy is used to measure the variation in the absorbance with
respect to the cell density variation inside the waveguides. In this process, intensity
spectra for all the cell concentrations, inside the waveguides, are recorded and the
corresponding absorbance value is calculated (Chapter 4, Equation 4.4).

Figure 7.2 Absorbance spectra as a function of wavelength for a range of cell
concentration encapsulated inside the PEGDA waveguide.
Absorbance spectra for all the cell densities are found to be varying uniformly in
the visible spectra to the near infrared spectra (400-900 nm wavelength)(Figure 7.2).
Higher concentrations of the cells scatter higher amount of the light, which yield a higher
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absorbance value. From the absorbance spectra, it is observed that the higher cell density
(2000 kCells/ml) has higher absorbance value. With further decrease in the cell densities
inside the PEGDA waveguides, the absorbance spectra are observed to decrease in close
proximity to each other with distinguishable signals. It is worth to note that, not all the
absorbed/scattered light contributes to the signal because cells scatter light in all the
direction. Therefore, only the light rays with the appropriate angle to undergo TIR will
contribute to the signal.
In this experiment, Beer-Lambert’s law is reassured once again by the µTAC
device in the cellular study. Inside the µTAC device, increase in the cell concentrations is
proved directly proportional to the absorbance value for a constant optical path length.
As discussed earlier, every analyte or sample concentration change inside the
PEGDA waveguides are linear only for a specific range of concentrations because of the
system limitations. Although the change in the absorbance for the given cell density
range decreases constantly, this qualitative measurement has to be confirmed by a
quantitative measurement.
As the cells encapsulated inside the waveguides have absorbance over a wide
range of spectra, a working wavelength needs to be chosen for the cellular studies.
Because the spectra vary from 400-1000 nm wavelengths, choosing one concrete number
for a working wavelength is not possible. Therefore, to find the working wavelength
ranges in the spectra, absorbance values from different wavelengths are plotted for the
given cell concentrations (Figure 7.3 and Figure 7.4).
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Figure 7.3 Absorbance as a function of cell concentrations over different wavelengths
(Selected wavelength range 450,500,550,600,650,700,750,800,850 and 900 nm). Error
bars indicate standard error.

Figure 7.4 Absorbance vs. cell concentration plot at 500 nm wavelength from the cellladen waveguides. Stars & lines indicate the statistical significance and error bars
indicate standard deviation.
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This absorbance vs. cell-concentration plot quantitatively proves that the
absorbance values are changing linearly with the change in cell concentrations (Figure
7.3). This result also helps to conclude that the given cell concentration range is in
agreement with the device working range because the data is linear in the chosen
concentrations. On the other hand, the absorbance values vary linearly over the full
selected spectra (400-900 nm) and hence selecting a working wavelength range with this
is improbable.
Regression analysis is performed for all the spectral data in order to find the R2
values for the linear fit model. R2 values for all the spectral range are found to be ~0.99
(Table 7.1), which is explained by the fact that the absorbance spectra change is uniform
over the selected spectral range. Extending further, values of LOD and sensitivity for the
all the selected wavelengths are determined using 3-sigma IUPAC rule that is explained
in Chapter 6. The LOD and sensitivity data for the selected spectral range are reported in
Table 7.1. From these data, wavelengths with higher sensitivity and lower limit of
detection are chosen to be the working wavelength of the proposed design. Thus, the
range from the Figure 7.5 is determined to be 500 nm to 650 nm wavelengths because in
this range, the sensitivity is higher with lower LOD values, which is the desired condition
for this device. In addition, one data set in the working range (@550 nm wavelength) is
chosen and plotted against the cell concentration and to that value, Oneway ANOVA
with Tukey’s post hoc analysis is performed to understand the significance of the data in
numbers (Figure 7.4). The statistical analysis showed that the signal from 2000 kCells/ml
is significant to other concentrations whereas other cell concentrations are not significant
to each other. This is because of the higher confidence level and the big jump in data
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from 2000 kCells/ml to 400 kCells/ml. However, the signals from different cell
concentrations are proven distinguishable to each other (Figure 7.2).
Table 7.1 LOD, Sensitivity and R2 Value of the Linear Fit of the Absorbance Data at
Different Wavelength for Cells Encapsulated Inside the Waveguide
Wavelength
450.00
500.00
550.00
600.00
650.00
700.00
750.00
800.00
850.00
900.00

LOD
173.12
146.45
149.03
147.99
140.28
163.64
157.62
164.28
167.41
167.67

Sensitivity (m)
0.00014
0.00014
0.00013
0.00012
0.00012
0.00011
0.00011
0.00011
0.00011
0.00010

Intercept (C)
0.137
0.092
0.072
0.054
0.056
0.057
0.056
0.056
0.054
0.053

R^2
0.990
0.993
0.993
0.993
0.994
0.991
0.992
0.991
0.991
0.991

In the working range of this device, for cellular studies, the LOD is found to be
146 kCells/ml. As mentioned in Chapter 5, the volume of PEGDA waveguides is 0.189
mm3. Converting the waveguide volume to µl gives 0.189 µl volume. Considering this
volume of the waveguide, 146 kCells/ml LOD corresponds to ~27 cells/waveguide. It is
worth to note that the LOD is not only the least detectable concentration but also the
concentration at which a signal can be distinguished from the background signal. Hence,
the LOD values indicate that even with a minimal number of encapsulated cells (as low
as 27), the absorbance of the encapsulated cells can be clearly measured using the
proposed µTAC device. Although, in literature, such low LODs are achieved with
optofluidic devices, they all employed a 2D sensing region, which fails to mimic the 3D
scaffolding in vivo3.
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Figure 7.5 Graphical representation of the LOD and sensitivity data of the cell-laden
waveguides at different wavelengths in the absorbance spectra.
This experiment successfully demonstrates that the µTAC device is capable of
preforming label-free analysis of encapsulated cells. In addition, the only parameter
varying inside the PEGDA waveguide is the cell number and this fact assures that the
signal obtained in this study directly reflects the cell density change inside the
waveguides. However, absorbance results of the cell-laden waveguides are compared
with a positive control with no waveguide, in the control study.

7.3 Control Study
To completely analyze the efficiency of the proposed device in bio sensing applications, a
control study is performed on the same device without PEGDA waveguides. Same range
of cell concentrations are tested in the 2 mm path length device. For this study, first, the
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channel is filled with DMEM medium and the corresponding absorbance spectrum is
recorded as the reference spectrum. Same concentrations of cells are prepared in cell
culture medium and each concentration is tested with three different µTAC devices for
statistical significance. Intensity data for all the samples are recorded and the absorbance
values are calculated from the intensity data (Chapter 4, Equation 4.4).

Figure 7.6 Graphical representation of absorbance of the cells in the selected
wavelengths for a range of cell concentrations inside the µTAC device without PEGDA
waveguide.
Absorbance data is plotted against the concentration of cells for all the
wavelengths that are selected in the previous study. From the Figure 7.6, it is observed
that the absorbance values are changing linearly with change in the concentration of cells.
Thus, for the selected range of cell concentration, absorbance is varying uniformly in the
whole spectra in the presence and the absence of waveguides.
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Figure 7.7 Comparison of the absorbance data between waveguides and controls for
varying concentrations of cells. Error bars: Standard Error and statistical significance is
performed for 550 nm wavelength. Stars indicate significance compared to the waveguide
data. 3T3 fibroblasts cells are used for this study.
Later, the absorbance values from the control study are compared with the
absorbance values from the waveguide study. The graphical representation is shown in
Figure 7.7. Data are plotted only for the working wavelength range and are compared
statistically. It can be clearly seen from the graph that the absorbance values from the
waveguides are higher compared to the control study. Hence, this data once again proves
that the presence of waveguides enhance the absorbance signal from the encapsulated
analytes or the samples. To understand the significance much more clearly, the statistical
analysis is performed for the 550 nm wavelength alone as it has the higher sensitivity and
lowest LOD among the working wavelength range. From the statistical analysis, 16, 80
and 2000 kCells/ml are significant with the confidence level of p<0.05. However, for
other cell concentrations P value is found to be near to the higher end of 0.05, say 0.054,
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0.056 and 0.052. These small discrepancies can be accounted for manual errors in the
data collection or slight variations in the measurements of the devices used.

7.4 Discussions
In conclusion, this cell-density experiment demonstrates that the µTAC device with the
PEGDA waveguides can be employed for label-free bio sensing applications. This
experiment also proves that the waveguide not only provides scaffolding for the cells but
also helps to enhance the signal efficiency from the analytes. In this study, the cells are
optically detected without any external source inherited into the cells such as tryphan
blue or other external light sensitive molecules. Thus, it is evidently clear that the sensing
capacity of this device to sense the encapsulated samples in the PEGDA waveguides is
eminent. With the LOD of 27 cells/waveguide, this device holds a greater potential to be
applied in sensing applications that works with a low volume of samples. Besides, the
optical transmissions are not affected even after five fold increase in the sample size. In
addition, clear absorbance signals in the lower and the higher range of cell concentrations
open doors for many sensing applications with different working volumes. The
absorbance data from different cell concentrations yield a working regime for the device
for cellular studies, which can be employed for sensing cells with the similar absorbance
property.
So far, this experiment demonstrates the sensing efficiency of the µTAC device
with fluorescent molecules and biological samples. To describe one real-world
application of the device, it is employed in the measurements of live-dead ratios of the
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encapsulated cells. This experiment is discussed in the following subsections of this
chapter.

7.5 Absorbance Vs. Cell Viability Measurements
The basic application of the proposed µTAC device is demonstrated through live-dead
ratio measurement of the cells inside the waveguides. For this purpose, cells are
encapsulated inside the PEGDA waveguides with varying cell viability with constant cell
density. In order to estimate the cell viability, CCK-8 kit (Sigma Aldrich) is used where
live cells reduce a water-soluble salt (WST-8) into an orange colored compound
(Formazan) that has an absorbance value around ~460 nm wavelength. Therefore, for
change in the cell viability, absorbance of the formazan is measured inside the device and
the results are reported.
7.5.1 Viability of Encapsulated Cells After Fabrication
For the study of live-dead ratio sensing, K562-leukemia suspension cell lines are used. K562 cells, with passage number 5, are acquired and cultured in a 25 cm2 flask with RPMI
medium (ATCC), supplemented with L-Glutamine (ATCC) and penicillin-streptomycin
(ATCC). After ~80% confluence, the cells are collected in a 15 ml centrifuge tube,
centrifuged at 700 RPMI for 5 minutes and the cell pellets are collected in 1 ml of cell
culture medium. Cells in the medium are calculated using the Hemotocytometer and the
tryphan blue. The cell density is found to be 13 million cells/ml with ~99% cell viability.
To these cells, the sterilized PEGDA precursor solution is added.
The fabrication of waveguides involves exposure of the precursor solution to the
UV light. The UV light exposure might have harsh effects on the encapsulated cells
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inside the waveguide. Thus, it is important to measure the cell viability immediately after
the waveguide fabrication to calculate the number of cells that are affected during the
fabrication. To measure this cell viability, well-established live-dead assay is used. The
live-dead solution of 0.1 µl of calcein AM (CAM) and 1 µl of ethidium homodimer
(EtHD) in 1 ml of PBS is prepared. Cells with 99% viability are encapsulated in the
PEGDA waveguide. The waveguides are incubated with cell culture medium for 1 hour
in order for the cells to reach homeostasis. After one-hour incubation, the prepared livedead solution is added to the samples and incubated for 30 minutes. Later, the samples
are washed twice with PBS and the cladding liquid (PBS) is filled into the channel. These
live and dead stains (green/red, CAM/EtHD) are imaged using the fluorescent
microscope (Nikon Ti) with appropriate filters for red and green fluorescence.

Figure 7.8 Live-dead microscopic images of the encapsulated cells in the waveguide
inside the µTAC device. The top image shows the phase contrast of the waveguide, the
middle image shows the live cells inside the waveguide and the bottom image shows the
dead cells. In the bottom image, white arrow indicates the dead cells. Scale bar
represented in the top image is same for all the images. [Scale bar: 500 µm].
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CAM attaches to cell walls of the live cells and produces a strong green
fluorescence whereas the dead cells have a ruptured cell wall and hence EtHD stains the
nucleus of the cells that produces a red fluorescence (Figure 7.8). The live and dead cells
are counted by counting the green and red fluorescence in the image. All the images are
processed and analyzed using imageJ software.
From Figure 7.8, it is clearly seen that the cells are mostly alive after the
waveguide fabrication. As the cells are exposed only for a few seconds under the UV
lamp, the effect of UV on the cell viability is very less. To represent the results
quantitatively, the number of live cells and dead cells are measured using the software in
three planes of the waveguides. It is worth to note that the cells are spread inside the
waveguides in a three-dimensional geometry and the images obtained from the computer
are in 2D. As a result, to analyze the cells in all the planes of the waveguides is difficult.
Thus, the cell images from three plans, bottom of the waveguide, middle plane of the
waveguide, and top of the waveguide are analyzed.
From the live-dead analysis, it is found that the cells are 96.11%±1.15% viable
after fabrication. As the fabrication is performed with 99% cell viability, 2-3% of cell
death is observed inside the waveguide after the fabrication. This higher cell viability
after the fabrication indicates that the process of waveguide fabrication is suitable for cell
encapsulations.
7.5.2 CCK-8 Effect on Cell Viability
CCK-8 kit is more often used in cellular studies for measuring the cell viability and the
cell proliferation. Advantages of the CCK-8 kit are, it has mild effect on cell viability
during the incubation and thus it allows for continuous monitoring of cells. During the
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CCK-8 incubation, high sensitive water-soluble tetrazolium salts (WST-8) are reduced by
the dehydrogenase activity of the viable cells into a water-soluble orange-colored
formazan compound (Figure 7.9). The amount of formazan secreted through the
dehydrogenase activity of the cells, is directly proportional to the number of viable cells
in the samples. The formazan compound has an absorption peak at ~460 nm wavelength
and can be detected through spectrometers.

Figure 7.9 Shows the reduction of WST-8 salts into a water-soluble formazan compound
by the dehydrogenase activities of cells.
[Source: http://www.dojindo.com/store/p/456-Cell-Counting-Kit-8.html, accessed last on May/10/2016]

Although the effect of CCK-8 with cells are claimed to be low, the longer
incubation times are suspected to have a harsh effects on the cells. To explore the effect
of formazan incubation on the cell viability, 5 million cells/ml solution is prepared in a
cell culture medium. 100 µl of this solution is added to a 96-well-plate in a 4*3 matrix.
Rational to have a 4*3 matrix is explained in the further experiment.
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WST-8 salt is added to each well in the first 3 rows alone in 1:10 ratio of
WST:cell culture medium. After four hours of incubation with the WST salt, plate reader
is used to measure the formazan absorbance and the values are recorded. In the plate
reader, ~450 nm wavelength is used because that is near to the absorbance range of the
formazan. On day 2, WST-8 salt is added to the first two rows in the 96-well-plate (6
wells). The rationale behind testing the first two rows on day 2 is to determine whether
the cell viability is decreased on the day 1 samples due to the incubation time or not. Row
2 serves as a control as it is not incubated with the WST-8 salt on day 1. This testing is
continued until day 6 where all the four rows are tested on the respective days and on the
day 5 and the day 6, all the samples are tested.

Figure 7.10 Absorbance of the formazan compound @460 nm wavelength from the cells
in the 96-well-plate with cell culture medium. Absorbance is recorded using the plate
reader. Cell density used is 2000 cells/well. Error bars indicate standard deviation.
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Absorbance values of the formazan as a function of days are plotted to
quantitatively observe the change in the cell viability (Figure 7.10). On day 2, samples
that are already treated with the WST-8 (day 1 samples) showed less viability compared
to the un-treated samples. In addition, after three days, cells showed increase in the cell
viability that is equal to the untreated samples. Hence, it is concluded that the WST-8
incubation with the cells has an effect on the cell viability initially whereas with
continuous culturing of the cells showed normal cell viability. Therefore, in the long-term
cell monitoring experiment, cell viabilities are tested every two days in the course of
time.
7.5.3 Live-Dead Encapsulation
For this experiment, two stock solutions with 13 million k562 cells/ml are prepared. One
of the stock solutions is treated with UV in order to kill the cells.
Table 7.2 Live-dead Cell Ratio in the Prepared Stock Solution for Live-Dead Ratio
Measurement Experiment
Live cell %

Live cell stock [in µl]

Dead cell stock [in µl]

0%

0

200

20%

40

160

40%

80

120

60%

120

80

80%

160

40

100%

200

0

Note: UV power is 6.2 mW/cm2 and the time of exposure is 5 minutes. A small fraction
of these cells is treated with tryphan blue and the cells are observed for the number of
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dead cells under the microscope. From this observation, it is calculated that the number of
dead cells after UV treatment is ~100% in the second stock solution. With these two
stock solutions of 13 million cells/ml of live cells and dead cells, respectively, 5 different
solutions (final concentration 200 µl), with varying live:dead cells, are prepared as shown
in the Table 7.2.

Figure 7.11 Absorbance of formazan as a function of wavelength. a) Absorbance spectra
of the formazan, with the cell-laden waveguide, as a function of wavelength for a range
of viable cell percentage with equal cell number b) The absorbance spectra of cell-laden
PEGDA waveguides before formazan treatment is shown.
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These solutions are centrifuged and to each of the cell pellet 200 µl of PEGDA
precursor solutions are added. Three samples of PEGDA waveguides are fabricated with
each of the above solution. The blank solution is the RPMI medium with 10% of WST-8
solution. Note: 10% of WST-8 is added to the blank because WST-8 may change its color
during the incubation even without cells and this color may add to the absorbance signal.
Three PEGDA waveguides, without cells, are fabricated as a negative control.
Using the same setup explained in the previous chapters (Chapters 5&6) intensity
data of all the samples are recorded after incubating the samples with the RPMI medium
for 20 minutes. The cell-laden PEGDA waveguides, before CCK-8 incubation, is another
control group of this study. For this experiment, the white light with broadband spectra
(200-1100 nm wavelength) is used. The collected intensity data can be converted into
absorbance spectra using Equation 4.4 from Chapter 4. After collecting the intensity data,
all the samples, including PEGDA controls (without cells), are incubated with a 1:10
ratio of WST and cell culture medium for four hours in 5% CO2 and @37 C. After four
hours of incubation, the intensity levels of the formazan are observed and recorded using
the proposed optical setup (Figure 7.11 a). Intensity levels of the PEGDA waveguides
without cells are also recorded as a control measurement (Figure 7.11 b). Note that the
cell-laden waveguides are not the reference spectra in this experiment and therefore, the
peak for the waveguide is visible in the absorbance spectra. The rationale for having
waveguides as a control is that the reactions of WST-8 compound with PEGDA polymers
is not studied earlier. Therefore, any possible reactions between the PEGDA polymer and
the WST-8 will affect the absorbance value of formazan. If the PEGDA waveguides are
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used as a reference spectrum, any ambiguity in the experimental results cannot be
validated. Thus, the reference spectrum is measured from the RPMI medium.

7.6 Results of Cell Viability Measurements
The absorbance data for both the conditions, with and without formazan are shown in the
Figure 7.11. Absorbance data of the cell-laden waveguides are recorded without
formazan (Figure 7.11 b) in order to observe whether the PEGDA waveguides has
absorbance peak at 460 nm wavelength or not. This observation is important because it is
necessary to distinguish the signal of formazan at ~460 nm from the signal from of
PEGDA waveguides with cells.

Figure 7.12 Absorbance of the formazan and the control (without formazan- only cellladen waveguides) is represented as a function of percentage of the live cells. Statistical
analysis performed with student t-test and the stars indicate significance with respect to
the previous group. Error bars indicate standard errors.

127

From Figure 7.11 b, it can observed that the cell-laden PEGDA waveguides
without formazan has a clear peak near ~460 nm. However, formazan peak at ~460 nm
has significantly higher peak compared to the waveguides (Figure 7.11 a)
The formazan peak increases with increase in the cell viability percentage inside
the waveguides. As the recorded spectra covers a wide range of wavelengths, it can be
observed that the absorbance values after the ~500 nm wavelength, is similar for all the
conditions. From Figure 7.11, a distinguished peak for the PEGDA waveguides are
clearly noted around the ~560 nm wavelength, with and without formazan.
Although, the formazan peak varies uniformly at the ~460 nm wavelength for
different cell viability concentrations, the gap in the absorbance signal for different
viability percentages is observed to be non-linear. Absorbance values are plotted against
the live cell percentage for the controls and the formazan signal (Figure 7.12). From
Figure 7.12, it can be observed that the cell-laden waveguides have a similar absorbance
value for all the cell viability percentage because the cell density inside the waveguides is
same. This result can be understood through the cell density experiment explained earlier
in this chapter. In addition, signals from the PEGDA waveguides lie between the working
spectral range of the µTAC device for cellular studies. Therefore, any minimal signal
variations, from dead and live cells are masked by the waveguide signals.
On the other hand, formazan showed increase in the absorbance values with
increase in the cell concentrations. In Figure 7.12, after 40% viable cells, the formazan
signal is observed to increase non-linearly. This observation is noteworthy because the
system behaves non-linearly outside the calibration range. In other words, formazan
signals for the chosen cell viability concentrations are not in the calibration range of the
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µTAC device. It is important to understand that the cells flush out the formazan
molecules into the medium. Thus, not all formazan molecules secreted from the viable
cells will contribute to the outcome. More viable cells secrete a higher concentrations of
formazan and hence, there is a distinct possibility that a small volume of the secreted
formazan may enter the cladding liquid. This diffusion of formazan leads to a less
concentration of the compound inside the waveguide, which reflects in the measured
absorbance of the formazan.
The negative control study (waveguides with no cells) shows that the formazan
signal is near to zero when compared with the cell-laden waveguides. In addition, the
cell-laden waveguides with the zero cell viability also showed similar behavior in the
formazan study. It is interesting to note that the absorbance values of the formazan in the
waveguides with no cells and with zero percent viable cells are lower compared to the
waveguides before formazan treatment.
Statistical analysis is performed in the formazan data in order to understand the
significance in the results. Student t-test analysis is performed between two consecutive
groups i.e., cell viability of 0 % and 20% are tested for statistical significance and 20%
and 40% are tested for significance, and so on. From the significance data, 20% cells are
viable to 0% and 40% (p<0.05) whereas after the 40% cell viability (from 60% cell
viability) the signal variations are not significant (p>0.05).
In this experiment, a concrete application of the proposed device is demonstrated
via the live/dead measurements of the cells with a constant cell number. Using the CCK8 kit, live cells are detected through the absorbance of formazan signals. Control studies
with no cells showed that the formazan signals are significantly higher at the ~460nm
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wavelength. By using the harmless CCK-8 kit for the cell viability measurements, it is
proved that the µTAC device has a higher potential for continuous cell monitoring
applications.

7.7 Long-Term Cell Monitoring with µTAC
In a centrifuge tube, ~80% confluent K562 cells (~80% confluent) are collected with the
cell culture medium and are centrifuged at 700g for five minutes. Supernatant from the
cell pellet is removed and the cells are counted in the Hemocytometer with tryphan blue.
To five millions cells, one ml of PEGDA precursor solution is added. Three cell-laden
PEGDA waveguides are fabricated from the precursor solution and are incubated with the
cell culture medium at 37 C & 5% CO2.
7.7.1 Spatial Distribution of Cells in Waveguides
For visualizing the spatial distribution of the cells inside the waveguides, DAPI (4',6Diamidino-2-Phenylindole Dihydrochloride, Thermo Fisher Scientific) staining is
employed. The cells inside the waveguides are fixed with 4% paraformaldehyde (PFA)
for the DAPI staining. After the cells are fixed, excess PFA solutions in the microfluidic
channel are washed away with the PBS solution. Paraformaldehyde makes the cell wall
transparent and permeable to the DAPI solution. Five mg/ml of DAPI solution is
prepared with PBS. The fixed cells are incubated with the DAPI solution for ten minutes
inside the incubator at 37 C & 5% CO2. The DAPI solution enters the permeable cell
membrane and stains the nucleus of the cells. This DAPI staining has a blue fluorescence
after staining the nucleus of the cells, which is imaged with a confocal fluorescent
microscope with the appropriate filters (Figure 7.13). The confocal image of the cells
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with DAPI staining inside the waveguides, visualized at 10x, renders a better
understanding of the cell arrangement inside the waveguides.
Due to the limitations of the confocal microscopy used, complete height of the
waveguide is not covered. Figure 7.13 represents the stacked confocal images from
different planes of the waveguides for a height of ~160 µm (waveguide height is ~200
µm). From the collected confocal images, it is observed that the cells are distributed
uniformly throughout the 3D waveguides.

Figure 7.13 Confocal image of the K562 cells inside the PEGDA waveguides with DAPI
staining. Scale bar indicates 100 µm.
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7.7.2 Absorbance Analysis of Formazan
As mentioned earlier, to study the absorbance of the cells in the waveguides for an
extended period of cell culture, five million cells/ml of the PEGDA precursor solution is
prepared and from these solutions, three waveguides are fabricated. The fabricated
waveguides are incubated in the RPMI medium for 20 minutes, inside the incubator at 37
C & 5% CO2. After 20 minutes of incubation, the intensity data of the triplet PEGDA
waveguides, without formazan, are recorded with the proposed device and previously
mentioned optical setup (Chapter 4). These cell-laden PEGDA waveguides act as a
control in this study. In next step, the CCK-8 solution is added to these triplet waveguide
and are incubated for four hours at 37 C and 5% CO2. Four hours later, intensity data of
the formazan is collected.

Figure 7.14 Graphical representation of the normalized formazan absorbance data of the
encapsulated cells in the PEGDA waveguides before and after incubation with the
formazan, on day 0, 4 and 7. Error bars indicate standard errors.
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After collecting the formazan data, all the waveguides are washed twice with the
RPMI medium in order to remove the formazan residues from the microfluidic channel.
On day 0, 4 and 7, the process mentioned above is repeated and the corresponding
formazan data are collected. The cell culture medium inside the device is changed once in
12 hours to supply adequate nutrients for encapsulated cells. It is important to note that
for this study a lower cell concentration is chosen because over time the cell viability
starts to decrease due to decrease in the ratio of nutrients to cells or rapid growing cells
might disintegrate the waveguides due to the pressure exerted on the walls of the
waveguides by the growing cells.
Figure 7.14 represents the normalized absorbance values of these waveguide
before and after formazan treatment. Assuming 100% viability of cells inside the
waveguide on day 0, cell viability decreased to 98% on day 4 and 93% on day 7. It is
important to note that the normalized absorbance peaks of cell-laden waveguides, before
CCK-8 treatment, are observed to increase with increase in the number of days of cell
culture. From the previous experiments, it is safe to conclude that the absorbance of the
cell-laden waveguides increases with increase in the cell number inside the waveguides.
Therefore, observed increase in the cell number in this study, after 4 days and 7 days of
culture indicates that the cells multiplied in number in the waveguides.
Along with the three waveguides fabricated earlier, nine more waveguide are
fabricated for live-dead staining. On day 0, day 4, and day 7, cells inside the waveguides
are stained with live-dead assay kit (CAM/EtHD) as discussed earlier. The live/dead cells
are imaged under the fluorescent microscope and the images are used as a back up data to
support the absorbance results. From Figures 7.15 & 7.16, it is evident that the cells on
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day 7 have minimal number of dead cells. However, comparatively, the cells on day 0
and day 4 showed less number of dead cells compared to day 7. These results are in
accordance with the absorbance data where the cell viability is decreased on day 7
compared to day 4 and day 0.

Figure 7.15 Confocal image of the K562 cells encapsulated inside the PEGDA
waveguide on day 7 with the live-dead staining. Scale bar indicates 100 µm.
In addition, the cells in the center of the waveguides are viable even after 7 days
of culture, which proves that the necrosis in the center of the gel is not an issue in the
proposed system. Proportionality of the dead cells in the center is less, compared to the
dead cells near the waveguide’s walls. One sample is chosen from this study for confocal
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imaging in order to view the distribution of live and dead cells in the 3D plane. Figure
7.15 represents the confocal imaging of the live/dead cells distributed all over the Z-axis
of the waveguides. This proves that the cells near to the top walls of the waveguide are
also alive after seven days of culture. This confocal image and the 2D live/dead images
prove that the waveguides have no adverse effect on the encapsulated cells in the long
term cell monitoring.
These results prove that the proposed µTAC design is capable of performing an
extended cell culture study. Once again, this sensing capacity of the device can be
extended in various applications that require long term cell monitoring.

Figure 7.16 Microscopic images of the live dead staining of the encapsulated cells on
day 0, day 4 and day 7. Scale bar represents 500 µm (same for all the images).
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7.8 Conclusions
In this chapter, to demonstrate the applications of the proposed device in cellular studies,
the cell density measurements, the cell viability measurements and the long-term cell
monitoring studies are discussed. Initially, the cell density variations inside the
waveguides, measured using the proposed device and the discussed optical set-up, show
that the device is efficient in cellular studies to record the scattering of light from the
cells. Control studies, without waveguides, prove that the presence of waveguides
increases the absorbance signal. Device showed a linear increase in the absorbance value
for increasing concentrations of the cells inside the waveguides. This result is in
accordance with the Beer-Lambert’s law, which proves that the proposed design is
behaving as intended for the cellular studies as well. Hence, this device can be applied to
monitor the proliferation of the cells inside the 3D waveguides in a simple lab-on-a-chip
design. The limit of detection of the device in the cellular studies is found to be ~27
cells/waveguide. This minimal limit of detection extends the applications of the µTAC
device in bio sensing studies where the analyte concentration is minimum.
A basic biological study, performed with cells, is the cell viability monitoring
study. Therefore, to test the µTAC device for a real time cell application, cell viability of
the encapsulated cells are varied inside the waveguides with a constant cell number. The
cell viability is monitored with the less invasive CCK-8 cell viability kit. The cell
viabilities in the waveguides are varied from 0% to 100% live cells (in increments of
20%). Absorbance of the cell-laden waveguides before CCK-8 incubation is used as a
control study. The formazan signal from the cell-laden waveguides increased non-linearly
with increase in the cell viability. This non-linear increase in the absorbance values is
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because the selected cell viability range is outside the calibration range of the µTAC
device. Control studies show consistent absorbance values that varied insignificantly with
increase in the cell viability. This insignificant change is because of the same cell number
inside the device, which once again proves that the previous experiment conducted with
varying cell density inside the waveguide.
The µTAC device is tested for the long-term cell monitoring as well. In this study,
the cells inside the waveguides are found to be 93% viable after seven days of culture
inside the waveguide. The live/dead stain images on these samples show that the cells are
viable in all the planes of the waveguides, which concludes that the waveguide design
inside the proposed device is biocompatible for long-term cell monitoring applications.
Overall, in this chapter, real-time applications and the corresponding results from the
µTAC device, generated with the encapsulated cells in the waveguides, demonstrate the
potential of this design in cell-based applications.
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CHAPTER 8
CONCLUSIONS

This research developed a new optofluidic lab-on-a-chip device with an integrated 3D
hydrogel based waveguides and tested the device’s behavior in sensing applications. The
existing optofluidic devices for sensing applications operate in a two-dimensional
geometry, which lack to provide a three-dimensional support for the cells to mimic the in
vivo microenvironment.
This research demonstrates novel label-free 3D hydrogel-based biosensors for
direct sensing applications. This 3D scaffold provides the in vivo like microenvironment
for the cells. In addition, cells in 2D sensing regions settle down in the device due to
gravity during the absorbance measurement. Therefore, the signal from the cells that
contribute to the final outcome will be minimal, comparatively. In this research, because
of the presence of the 3D waveguides, cells are arranged in a 3D spatial geometry and
hence the number of cells that contribute to the final outcome is increased significantly.
The signal is increased due to the presence of a 3D waveguide in the proposed µTAC
system, which is shown in comparison to the control studies (without waveguide) in this
research.
Although this research demonstrated the feasibility of the µTAC device as a
biosensor, limitations of the device exist and there is room for improvement. For
instance, although fluorescein is used to test the application of the proposed µTAC device
in the fluorophore sensing, fluorescein molecules encapsulated in a depth of 200 µm
waveguides will give an insignificant change in the absorbance values for a small change
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in the concentration of fluorescein. This is because vibrations of the fluorescein
molecules, in a confined three-dimensional space, will be minimized due to the steric
hindrance and π-π interactions100. One of the cell types used in this research for testing
the biocompatibility of the device is the K562 cell type. During the long-term cell
monitoring study, it was found that the K562 cells are 93% viable after seven days of
culture inside the proposed design. This biocompatibility test is performed only with
respect to the cell’s dehydrogenase activity. However, the cells in this culture experience
mitochondrial decay due to the oxidative damage101. This study tests only the viability of
the cells whereas the aforementioned mitochondrial decay may affect the functionality of
the cells. These limitations are discussed only with respect to the experiments performed
in this dissertation. Hence, these limitations can be addressed through possible expansion
of the device such as employing different waveguide material, choosing a different light
source and testing the cells mitochondrial decay through fluorophore detection, etc.
The future direction of this device can be expanded to varying applications in the
bio-sensing field. One possible real-world application of this device could be in
developing an efficient body-on-a-chip (BOAC) design. In BOAC, because of the
presence of the 3D microenvironment for the cells, this device could be a potential
platform to achieve a higher cell functionality, which in turn leads to more accurate drug
testing results in the body-on-a-chip design. In addition, the proposed device is a
generalized platform for developing a biosensor. As the light source in this design is
carried by optical fibers, a different light source such as laser light, monochromatic light
and broadband light, etc. can be employed, depending on the application. In addition, the
geometry of this µTAC design can be expanded through employing various hydrogels
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such as gelatin-methacrylate (Gel-MA), collagen, agarose and chitosan, etc. This freedom
in the choice of the waveguide material can be used to establish a higher refractive index
difference between the cladding and the core to improve the light guiding capacity of the
waveguide.
In conclusion, this research reported novel label-free biosensors with 3D scaffolds
acting as a waveguide that could be a potential platform for a broad range of applications
in the fields of diagnosis and detection.
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